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And your lord has decreed that you not worship except Him, and to parents, good
treatment. Whether one or both of them reach old age with you, do not say to them a word of
disrespect, nor scold them, but speak to them a noble word. And lower to them the wing of
humility out of mercy and say, “My Lord, have mercy on them as they brought me up when I
was small”. — The Quran
To my mother and father. . .

Abstract
The main aim of this dissertation is to study the catalytic aspects of very small transition metal
clusters supported on h-BN/Rh(111). At very low scale, each system is unique and any modiﬁ-
cation in the support or cluster morphology, composition or size would considerably change
the catalytic properties of the corresponding clusters. The originality of this work relies on
the preparation and investigation of a model system in which h-BN/Rh(111) is the support to
elucidate how does it inﬂuence the intrinsic properties of the catalyst. The catalytic reactions
of interest were ammonia synthesis and CO oxidation on mass selected and soft landed iron
and platinum clusters, respectively. A special focus was devoted to the investigation of the
stability of these very small clusters on h-BN before and after the reaction. It was found that Pt7
clusters soft landed at room temperature with an energy of 1.2 eV per atom and annealed to
700 K exhibit Smoluchowski ripening. Above this temperature, these clusters undergo partial
intercalation between the h-BN monolayer and the Rh(111). The intercalation initiates at
900 K and becomes more pronounced when the clusters are annealed under gas reaction
conditions. A high catalytic activity was observed when the Pt catalyst remains supported on
h-BN. In this case, the reaction starts at 480 K and follows Langmuir-Hinshelwood mecha-
nism. However, the catalytic activity strongly reduces when the Pt clusters undergo partial
intercalation. Nevertheless, in this case the reaction starts at only 380 K, revealing a reduction
by 100 K in the Pt poisoning as a result of substrate effect and charge redistribution. In a second
trail, the cluster-h-BN interaction was studied through h-BN irradiation with Pt clusters, at
room temperature, within an energy window of 30-416 eV/atom. The results show that even
irradiation at 30 eV/atom can lead to entire non thermal intercalation of the clusters. The
energetic Pt clusters were found to be site selective as they settle only under the h-BN wires,
in contrast to soft landed Pt7 clusters that were found to settle at the side edge of the h-BN
depressions. After being exposed to irradiated Pt clusters, at an energy above 100 eV/atom,
the h-BN layer starts to display visual cavity-type defects. These defects, induced by collision,
disappeared after annealing to 600 K under gas reaction leaving behind an h-BN with no visual
defects. CO temperature desorption spectroscopy (TDS) indicates that the intercalated Pt is
inactive towards CO oxidation due to h-BN screening. Subsequently, we were able to produce
a catalyst system made of soft-landed Pt/h-BN/intercalated Pt/Rh(111) using a combination
between soft and energetic Pt deposition with which a reduction by 100 K in CO poisoning was
obtained. Finally, ammonia synthesis was conducted on soft landed Fe3 clusters, supported
on h-BN/Rh(111) and deposited at 100 K under Ultra High Vacuum (UHV). Scanning tunnel-
ing microscopy (STM) displays two imaging states of the as deposited clusters; a ring state
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surrounding h-BN depression which disappears above 300 K and a dot like structure. The Fe
clusters are found to grow by Ostwald ripening after annealing to 600 K and above this temper-
ature, they endure partial intercalation. It was found that, in the presence of iron, the nitrogen
reaction gas experienced an exchange with the nitrogen species forming the h-BN layer. TPR
(Temperature Programmed Reduction) of N2 with hydrogen revealed that nitrogen reduction
occurs at 620 K, under high vacuum, following the Haber-Bosch method. The detection of NH
and NH2 reaction intermediates together with desorbed atomic nitrogen, during ammonia
synthesis, conﬁrms that the NH3 formation involves the stepwise hydrogenation of adsorbed
nitrogen.




L’objectif de cette thèse est d’étudier les propriétés catalytiques des petits agrégats de métaux
de transition sélectionnés en taille et déposés sur h-BN/Rh (111) , sous ultra-vide, à une énergie
cinétique bien déﬁnie. Les réactions catalytiques étudiées sont la synthèse de l’ammoniac
et l’oxydation du CO sur des agrégats du fer et du platine, respectivement. Une attention
particulière a été consacrée à l’étude de la stabilité de ces petits agrégats soit avant ou après la
réaction chimique. Du fait, il a été constaté que les agrégats Pt7, déposés à température am-
biante avec une énergie de 1,2 eV/atome suivi d’un recuit à 700 K, subissent une agglomération
de type Smoluchowski. Au-dessus de cette température, ces agrégats endurent une intercala-
tion partielle entre la mono-couche d’h-BN et la surface du Rh(111). L’intercalation initie à
900 K et devient fortement prononcée lorsque les agrégats sont recuits sous exposition aux
gaz (CO et O2) lors de la réaction chimique. Une activité catalytique élevée a été observée
lorsque le catalyseur Pt n’a pas subi une intercalation. Dans ce cas, la réaction commence à
480 K en suivant le mécanisme de Langmuir-Hinshelwood. Par contre, l’activité catalytique
diminue fortement lorsque les agrégats du Pt endurent une intercalation partielle. Néan-
moins, dans ce cas, la réaction commence à 380 K, révélant une réduction de 100 K dans
l’empoisonnement du Pt par CO, à cause de l’effet de la couche intercalée. Dans un deux-
ième essai, l’interaction agrégat-h-BN a été étudiée en exposant la couche d’h-BN au Pt7, au
sein d’une fenêtre d’énergie comprise entre 30 et 416 eV/atome. Les résultats montrent que
dans cette gamme d’énergie, l’impact énergétique donne lieu à une intercalation totale des
agrégats. Ces derniers s’installent uniquement sous des régions d’h-BN nommées "wires",
contrairement à ceux déposés, avant, à 1.2 eV/atome et qui se posent au bord des régions
d’h-BN nommées "dépressions". Notre étude montre que pour une énergie d’exposition
supérieure à 100 eV/atome, la couche h-BN commence à paraitre des défauts visuels sous
forme de cavités. Toutefois, ces défauts induits par collision disparaissent après un recuit à
600 K en présence du gaz (CO et O2), laissant derrière une couche h-BN sans défauts appar-
ents. La spectroscopie de désorption thermique (TDS) du CO indique que le Pt intercalé est
inactif pour l’oxydation du CO, du fait d’un écrantage exercé par l’h-BN. Par la suite, nous
avons pu produire un système catalyseur sous forme de Pt/h-BN/Pt intercalés/Rh(111), en
utilisant une combinaison de deux types de dépôt; doux et énergétique. Avec ce système, une
réduction de 100 K dans l’empoisonnement du Pt par CO a été obtenue. Enﬁn, la synthèse
de l’ammoniac a été menée sur des agrégats de Fe3 supportés sur h-BN/Rh(111) avec une
énergie de 1,2 eV/atome à 100 K. La microscopie à effet tunnel révèle deux états d’imagerie
des agrégats déposés; un état ayant la forme d’un anneau entourant les zones de dépression et
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qui disparaissent au dessus de de 300 K, et un autre état de forme sphérique. Après un recuit à
600 K, les agrégats de Fe3 croissent par un mûrissement de type Ostwald et au-delà de cette
température ils endurent une intercalation partielle. La dissociation du N2 moléculaire a été
étudier à l’aide du TDS qui montre que l’azote atomique (N) et moléculaire (N2) désorbent
autour de 710 et 670 K, respectivement. Il a été constaté que, en présence du fer, le gaz d’azote
de la réaction effectue un échange avec l’azote constituant la couche h-BN. L’étude par TPR
(réduction à température programmée) de la réaction du N2 avec l’hydrogène, a révélé que la
réduction de l’azote a lieu à 620 K. Au cours de la synthèse de l’ammoniac, les intermédiaires
réactionnel NH et NH2 ont été détecté. L’observation directe de la dissociation atomique
d’azote et des radicaux NH et NH2 durant la synthèse du NH3 sur une surface catalytique en
utilisant la spectroscopie de désorption est considéré comme une première.
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5.1 Calculated cluster size, using the truncated sphere model of Pt7 with respect to




In 1981, Swiss researchers "Gerd Binnig" and "Heinrich Rohrer" invented scanning tunneling
microscope which has enabled scientists for the ﬁrst time to deal directly with atoms and
molecules, through atomic imaging and manipulation to form nanoparticles.17 Nanoscience
study the basic principles of molecules and compounds that do not exceed 100 nm where a
nanometers is a unit of measurement equal to 10−9 m. Clusters, are nanoparticles of some-
where between 1 and 106 atoms. The properties of small clusters are dominated by a drastic
change in surface properties and quantum effects related to electronic conﬁnement. When
materials are cut down to very small sizes, the continuum of the bulk electronic states breaks
up into discrete states. At very small size, adding or removing even one atom could modify
the clusters properties. In fact, investigation of size dependent chemical reactivity of Ptn (8
< n < 20) clusters on MgO(100) showed that every single Pt atom composing the supported
cluster counts for this reactivity.18 Also, study on gold showed that Au8 supported on MgO is
the smallest cluster that is effective for catalysis.19 Sources for generating particles commonly
give rise to clusters with broad size distributions. In order to investigate and exploit the size
dependent cluster properties, mass selection technique is vital. There are many techniques
in place to achieve mass selection, among them are two most commonly used techniques;
quadrupole mass analyzers, used in the present work (see chapter 4), and time-of-ﬂight mass
spectrometers.
Two approaches for nanoparticle elaboration areworthy ofmention: top-down and bottom-up
approachs. The former consists in miniaturizing objects already in the micro or macroscopic
size to reach the nanoscale using a sequence of technological steps originating from microelec-
tronics. The major drawback of this approach is its resolution limit. The bottom-up approach
consists in assembling elementary species (atoms, molecules or clusters) to build up more
complex structures. This is the way employed in almost all clusters-studies including this one.
During the last three decades, cluster science state of the art has been dedicated to free
clusters in the gas phase. Studies of free clusters are the key to understand the evolution of the
electronic and geometric structure with size. The ﬁrst catalytic reaction on a free metal cluster
was pioneered with cyclopolymerization of ethylene to synthesis benzene using free Fe4+
clusters.20 Bohm and his group published a comprehensive study on nitrogen oxide reduction
with CO using 29 transition metal cations.21 Nevertheless, for clusters to be useful in catalysis
applications, they need to be dispersed on a suitable support. Better choice of a support
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should combine several properties such as inertness, high chemical and thermal resistivity to
be efﬁcient in catalysis applications. Metal oxide surfaces have been widely used in catalysis
as supports for metal catalysts. The support effect on the clusters reactivity is nowadays
established, as evidences for such effect are numerous. For example, point defects in MgO
support could either enhance or quenche the catalytic activity of the catalyst depending on
their types.22 The effect of the reduction state of the TiO2 support on the catalytic activity of
the supported Pt clusters has been analyzed. It is demonstrated that small platinum clusters
(in this case Pt7) are two orders of magnitude more active toward CO oxidation when they
are supported on slightly reduced TiO2 crystals than when they are supported on strongly
reduced ones.23,24 In the latter case, the reduction in catalytic activity is due to the formation
of a TiOx (0 < x < 2) encapsulation layer on the clusters upon annealing. This phenomenon is
referred to as SMSI effect (strong metal-support interaction) and is known to occur when a
metal oxide is used as a support, but in the absence of strong support interactions, clusters
can be considered as pseudo-free.
Clusters supported on templated monolayers like h-BN grown on Rh(111) and graphene grown
on Ir(111) with moiré pattern periodicity are very promising for catalysis. Example that is
included within this thesis is the moiré structures of h-BN/Rh(111)-(12×12) (see chapter 3). In
the particular case of h-BN as a support, works on catalytic activity of metal clusters are very
few. Recent experimental25–27 and theoretical28–30 results demonstrated that metal catalyst
supported on h-BN can exhibit better catalytic activity. One of such works has been devoted
to oxygen adsorption on defective h-BN sheet supported Pt which was conducted using
DFT.29 The so supported Pt nanoclusters were found to exhibit good catalytic performance
for the Oxygen Reduction Reaction (ORR).
Very small nanoparticles like the ones investigated here are very unstable against temperature
and reactive gases and the knowledge of bonding strength and morphology change is of crucial
importance. In the case of stabilization by defects, for instance, in the case of isolated Pd
atoms adsorbed on MgO surface, it was found that bonding of Pd is about three times stronger
on defect site such as oxygen vacancy than on O anion defect (coordinatively unsaturated
anion).31 In the case of h-BN support, defects centers are expected to be sparse. Thereafter,
the h-BN would bring on the moiré modulability as cluster stabilizer. The difference in the
work function between the h-BN wires and depressions regions gives rise to an energy barrier
for atoms and molecules trapping.32 Supported Pd19 on h-BN/Rh(111), for example, were
found stable up to a temperature as high as 700 K.33
Clusters-surface interaction, from soft landing to implantation, can be deﬁned by the clusters
kinetic energy. Different techniques are used for clusters generation in vacuum providing a
possibility for control of cluster size and energy distribution. For example, the clusters can be
produced by high energy ion sputtering then size-selected by a quadrupole mass ﬁlter and
afterwards soft-landed or accelerated by an ion-optical system. This procedure was used in this
thesis. In conventional ion implantation and depending on kinetic energy, the energetic elastic
collision of an incident projectile with the atoms of a surface can lead to cluster penetration
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into the substrate. In some cases, when the energy is high enough, pining, craters formation
and surface atoms ejection can be observed. High energy cluster projection on a surface
can be used to promote chemical reactions34,35 or surface polishing.36 Low-energy cluster
implantation, in the order of ten to hundred of eV per atom, is found to be a promising
technique for ultra-shallow junction formation and infusion doping of shallow layers37 which
is not possible for conventional ion implantation. It is worth noting that the cluster penetration
energy in this case must be signiﬁcantly lower than the penetration threshold energies of
monomer ions. The cluster energy (sum of individual atoms) divided by the very small surface
collision area grants high values of the energy density. For example, Arn penetrates silicon at
4.7 eV per cluster atom and at 15-20 eV in the case of argon monomers.38
This thesis focuses on the stability and the catalytic activity of h-BN/Rh(111) supported Pt
and Fe mass selected small clusters. The reactions of interest are CO oxidation and ammonia
synthesis. CO oxidation on noble metal catalysts is one of the most studied reactions, as shown
by the literature,39 on various types of surfaces: single crystals, particles models, thin ﬁlms and
supported catalysts. Indeed, CO oxidation has many industrial and academic interest due to
the simplicity of the structure of reagents (CO/O2) and product (CO2), which makes it a model
reaction. Ammonia is consistently among the top chemicals produced in the world. The major
use of ammonia is as a fertilizer. It is commonly produced by the Haber-Bosch process, which
involves the direct reaction of elemental hydrogen and elemental nitrogen. This reaction
requires the use of a Fe based catalyst at high pressure (100–1000 atmospheres) and elevated
temperature (400-550 °C). In this work, the stability of Pt and Fe clusters was addressed
by studying the inﬂuence of the surface temperature and the gas reaction on the mobility
and the cluster morphology where cluster coalescence can occurs with increasing annealing
conditions and eventually intercalation of the catalyst also can occurs at elevated temperature.
This thesis is structured in several chapters. The ﬁrst, second and third chapter introduce the
reader to related theories. Chapter 4 gives an account of the main experimental designs and
routes used to accomplish this work. The results on the Pt/h-BN/Rh(111) system are presented
in chapter 5, 6 and 7. CO oxidation reaction in conjunction with cluster stability is reviewed in
chapter 5. Cluster-surface interaction using high energy Pt irradiation is exposed in chapter
6. Catalyst deactivation can results from many causes, such as CO poisoning of the catalyst
active sites issued from high CO-Pt binding energy. In chapter 7, we propose a method to
reduce Pt catalyst poisoning by introducing an intermediate Pt layer between the h-BN and
the Rh(111) surface. In chapter 8, ammonia synthesis was studied using pure Fe small clusters
following the Haber-Bosch route but under UHV. The Fe Cluster morphology and stability,
in particular during chemical reaction was also studied. Finally, chapter 9 summarizes the




Catalysis is used in tremendous chemical reactions to facilitate the reaction process by break-
ing and forming new bonds. All of this happens without a signiﬁcant change of the catalyst
during the reaction pathway. In the absence of the catalyst, the chemical transformation
would not occur or requires a very high amount of energy to be efﬁcient. In order to transform
the reactants into products, an energy barrier represented by the activation energy must be
overcome. If the energy barrier of the catalytic path is much lower than the barrier of the
noncatalytic path, signiﬁcant enhancements in the reaction rate can be realized by use of
a catalyst. The role of the catalyst is therefore to modify the energy proﬁle so the activation
energy is lowered compared to non-catalyzed system (see Figure 1.1).40 It has been estimated
that catalysis-based processes represent 90 % of current chemical processes and generate
60% of today’s chemical products. Catalysis research focuses on promoting selectivity and
efﬁciency and as well as design and development of a new cheap and efﬁcient catalyst.41
Catalysts are divided in two main groups: homogeneous catalysts, where the catalyst is in
the same phase as the reactants, usually in solution (example of homogeneously catalyzed
reaction is the oxidation of toluene to benzoic acid in the presence of Co and Mn42) and
heterogeneous catalysts, in which the catalyst is in a different phase from the reactants. Typ-
ically, heterogeneous catalyst involves a solid catalyst with the reactants as either liquids
or gases. One Example of heterogeneously catalyzed reactions are ammonia synthesis over
promoted iron catalysts.43 In this thesis, all studied reactions are of heterogeneous type.
1.1 Heterogeneous catalysis mechanisms and kinetics
In heterogeneous catalysis, the reaction involves adsorption of reactants from a gas phase
onto a solid surface, surface reaction of adsorbed species and desorption of products into
the gas phase. Explicitly, catalysis follows a cycle of elementary steps (at least three). Before
A and B species can react, they must both adsorb on the catalyst surface. The next event is
an elementary step that proceeds through a reaction of adsorbed intermediates and is often
referred to as a Langmuir-Hinshelwood (LH) step. As an example, the oxidation of carbon
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Figure 1.1 – The reaction is energetically favorable but due to a high energy barrier its reaction
rate is very small. A catalyst decreases the reaction barrier by creating an alternative reaction
path that leads to the same result.
monoxide by molecular oxygen is considered to proceed through the LH mechanism.44 The
rate expression for the bimolecular reaction depends on the number density of adsorbed A
molecules that are adjacent to adsorbed B molecules on the catalyst surface. In the case of the
Langmuir-Hinshelwood mechanism, the reaction can be written as:
A(g )+∗ A∗
B (g )+∗B ∗ (1.1)
A∗+B∗→ AB∗→ AB (g )+∗
where * represents the adsorption sites, A, B and AB are, respectively, the two reactants and the
product, and (g) indicates that the molecule is in the gas phase. The milestone for the reaction
rate is the one involving the two molecules, which must be sufﬁciently close to interact. For
such a recombination reaction, the rate at which the atoms diffuse on the surface is the limiting
step. A simpliﬁed rate expression for such reaction is:
r = k[A∗][B∗]/[∗]0 = k[∗]0θAθb (1.2)
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Figure 1.2 – Heterogeneous catalysis mechanisms: Eley-Rideal, Langmuir-Hinshelwood and
Mars-van Krevelen.
where [∗]0 is the total number of adsorption sites, θA and θB are the fractional surface coverage
for A and B. Their expression is given by:
θA = KadsA[A]
1+KadsA[A]+KadsB [B ]
, θB = KadsB [B ]
1+KadsA[A]+KadsB [B ]
(1.3)
Kads is a proportionality constant, Kads = kads/kdes , where kads and kdes refer to the rate
constants for adsorption and desorption, respectively. Thus, the overall rate of reaction of A
and B can be expressed as:
r = kKadsAKadsB [∗]0[A][B ]
(1+KadsA[A]KadsB [B ])2
(1.4)
Another event in which the reaction occurs between a reactant molecule in the gas phase and
one that is adsorbed on the surface is termed Eley-Rideal mechanism. A gas-phase molecule
collides, according to this mechanism, with another molecule adsorbed on the surface for the
reaction to proceed. For the case of supported model catalyst, an Eley-Rideal mechanism has
so far not been unambiguously identiﬁed. It was found experimentally that most of reactions
follow Langmuir-Hinshelwood kinetics due to the extremely short time scale (picosecond)
of a gas-surface collision. However for the gas-phase clusters, due to the need of reactant-
molecule collision, the Eley-Rideal mechanism is more likely to happen. The oxidation of
CO on small gold gas-phase clusters is an example.45 The reaction rate is proportional to
the partial pressure of the gas-phase reactant. In the case of the Elay-Rideal mechanism the




A∗+B (g ) → AB∗→ AB (g )+∗ (1.5)
If [B*] = K2[A*] and [A*] = K1[*] with [*] is the concentration of the vacant sites on the surface,
the rate equation becomes r = kK2K1[A][*]. Calculating in the same way as previously, we get




In this case, the catalytic reaction depends on the adsorption-desorption behavior of just
one of the reactants. Langmuir-Hinshelwood will predominate in the case of strongly bound
reactants with large diffusion constants. Whereas, the Eley-Rideal mechanism will rule over in
the case the reactants are weakly bound with small diffusion constants. Finally, there is a third
mechanism similar to the Eley-Rideal mechanism except that the products are formed from
adsorbed reactants and reactants coming directly from the catalyst structure. The process is
known as Mars-van Krevelen mechanism46,47 which predominates in the case, for example, of
metal oxide catalysts containing readily reducible metals. In that case, the oxygen consumed
during the reaction is continuously regenerated by the oxide layer from the gas phase to
preserve the catalyst properties. Figure 1.2 summarizes all the tree mechanisms mentioned
above.
1.2 Selectivity
The term selectivity is used to describe the tendency of a reaction to follow a speciﬁc path to
produce a certain reaction product when several products are involved. Activity has always
been an important characteristic for a heterogeneous catalyst in the twenty century, increasing
the rates to produce more molecules per unit time while selectivity was of lesser concern
because of raw materials abundancy and of undesirable low cost byproducts. Modifying a
catalyst in such a way that it becomes 100 % selective for a given chemical reaction is a task for
the twenty ﬁrst century because waste disposal is now expensive and the negative environ-
mental side-effects are considerable.41,48 The selectivity of metal nanocatalysts, for example,
can be modiﬁed by controlling the interfacial electronic effects, using organic modiﬁcation of
the metal surface.49 The catalyst selectivity is measured by the fractional selectivity, SF , which,
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for each reaction product, is deﬁned as:
SF, j = p j /Σi pi (1.7)
where pi is the amount of product i produced, and by the relative selectivity, SR , for each pair
of products
SR, j ,i = p j /pi (1.8)
1.3 CO oxidation on platinum (example 1)
Carbon monoxide is a toxic and harmful gas for humans and animals due to its high afﬁnity
with hemoglobin. Huge amounts of carbon monoxide are emitted in the world (1.1 billion
tons in 2000), mainly from transportation, power plants, industrial and domestic activities. To
achieve CO elimination, it is necessary to catalyze its oxidation. CO oxidation reaction has
been extensively studied over the last decade. Some oxides such as hopcalite (a mixture of
copper and manganese oxides) have been known to oxidize CO at ambient temperature50
while noble metals (Pt, Pd and Rh) are highly active towards this reaction.51 The oxidation of
carbon monoxide (CO) on Pt-group metals is one of the most studied prototypical catalytic
reactions because of its practical relevance and general applicability.44,52 Despite its apparent
simplicity, the reaction is challenging to study and describe because of peculiar kinetics such
as bistability and oscillations, and fascinating spatio-temporal behavior.53 The oxidation of
CO on platinum is known to proceed via the classical Langmuir-Hinshelwood (LH) mechanism
which involves the adsorption and reaction of molecular CO with atomic oxygen over metallic
platinum surfaces.24 According to Eq. 1.1, the reaction is resumed by the following equations:
O(g )2 +∗O2∗→ 2O∗
CO(g )+∗CO∗ (1.9)
CO∗+O∗→CO2∗→CO(g )2 +∗
Where ’g’ donates to species in the gas phase and ’*’ to a surface vacant site. The catalytic
reaction cannot be completed if the Pt surfaces become poisoned by adsorbed CO, which
prevents dissociation of O2. When CO is ﬁrst adsorbed, oxygen adsorption will be difﬁcult
since O2 molecule should ﬁnd a pair of adjacent Pt sites to be able to adsorb.54 This is because,
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Figure 1.3 – CO and O2 adsorption on a precovered surface. (a): CO adsorption on predosed
surface with O2. (b): O2 adsorption on predosed CO.
contrary to CO, oxygen adsorbs dissociatively on most metals at ambient temperature, which
requires two adjacent metal atoms. Depending on the adsorption sequence, surface coadsorp-
tion of the two species is quite different. When the surface is rich in oxygen (Fig. 1.3a) there
still enough place to host CO molecules. In the case of a rich CO surface (Fig. 1.3b), oxygen
adsorption is completely blocked due to the lack of available pairs of neighbor sites. The
presence of adsorbed CO on the Pt surface limits the oxygen adsorption to a point that the
catalyst becomes inactive at temperatures lower than the desorption temperature of CO from
the Pt(111) surface, i .e., 450 K.55 For example, the car catalysts start to perform the CO com-
bustion only a few minutes after the ignition of the car, when the exhausted gases warm
them up to the working temperature. CO poisoning is harmful to Pt catalyst in applications
such as in fuel cells. Despite almost one century of research on this reaction over clusters,
this poisoning is still not fully understood simply because it is extremely difﬁcult to see what
exactly happens on very small metallic clusters.56
1.4 ammonia synthesis with the Haber-Bosch process (example 2)
Ammonia production is one of the largestmankind synthetic chemical reaction. It is of strategic
importance due to itswide utilization ranging fromdrugs to explosives production and itsmain
application which is the production of fertilizers used in agriculture. Nowadays, ammonia is
produced with Haber-Bosch process.57 In industrial practice, the catalyst consists of highly
porous particles with a core of magnetite (Fe3O4), encased in a shell of wüstite (FeO), which in
turn is surrounded by an outer shell of iron metal. The reaction temperature ranges between
673 and 773 K under 15 to 20 Mpa of pressure of N2/H2 gas mixture (25 % N2 and 75 %
H2). The active catalyst for this process are based on iron promoted with K2O, CaO, SiO2,
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and Al2O3 which support the iron catalyst and help it maintain its surface area. Addition of
promoters, such as potassium, to iron catalyst can enhance ammonia synthesis by decreasing
the barrier for the rate determining step. This was found to be due to electrostatic effects
of the potassium.58 The electric ﬁeld of a potassium atom provokes a stark effect to nearby
molecules, thereby splitting the molecular orbitals and allowing more electron density to
enter into the antibonding orbitals. This then would lower the barrier for the rate determining
step.59
The ammonia production from nitrogen and hydrogen is an exothermic reaction:
N2+3H2 2NH3+92.4 k J/mol (1.10)
Industrially, 3 steps are realized for ammonia synthesis:
• Methan conversion with water vapor and production of CO/H2 mixture.
• CO elimination from the synthetic gas using H2O.
• NH3 synthesis using Harber-Bosch process.
Without any catalyst, breaking the N-N and H-H bonds to form reactive atoms needs a huge
amount of energy. The spontaneous ammoniac formation in N2-H2 mixture at a temperature
below 773 K does not proceed at a detectable rate. However, the use of a catalyst allows
nitrogen and hydrogen dissociation through adsorption on its surface and reacting to form
NH3.
The reaction mechanism, involving the heterogeneous catalyst for ammonia synthesis, is
believed to involve the following steps :
N (g )2 +∗N2∗→ 2N∗
3H (g )2 +∗ 3H2∗→ 6H∗
N ∗+3H∗→NH ∗+2H∗ (1.11)
NH ∗+2H∗→NH2∗+H∗
NH2∗+H∗→NH3∗→NH (g )3 +∗
Where ’g’ donates to species in the gas phase and ’*’ to a surface vacant site. All the reaction
steps for ammonia production are represented in the energy proﬁle in Figure 1.4 for the cat-
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Figure 1.4 – Energy proﬁle diagram of the ammonia production in the gas phase and on an
iron surface in kJ/mole. Adapted from Ref.1
alyzed reaction and for the reaction in the gas phase. The nitrogen and hydrogen molecules
dissociate on the iron surfaces.60 Hydrogen atoms sequentially react with the atomic nitro-
gen until NH3 is formed and desorbed. These steps are summarized by the schematic of
Figure 1.5. It is believed that the overall reaction rate of ammonia synthesis is determined by
dissociation of nitrogen adsorbed on the catalyst surface under reaction. Nevertheless, there
is evidence of experiments performed at higher pressures, suggesting the step of hydrogen
reaction with adsorbed nitrogen to be the rate-determining.61
1.5 Model catalysts
Model catalysts, such as single crystals are used to realize and study the surface chemistry and
structure by investigating catalytically active sites on the atomic scale, usually at ultrahigh
vacuum.53 Catalysis shows very complex kinetics on supported clusters and depends on nu-
merous parameters such as particle size, structure and support effect. In order to understand
the reaction mechanisms, a simpliﬁed version of the problem needs to be considered. For this
reason model catalysts are produced and studied in ultra high vacuum with the powerful tools
of surface science. Several types of supported metal model catalysts have been developed. The
simpler model consists in single crystal surfaces whose properties are controlled at the atomic
scale. Keeping the system as simple as possible, these models open the possibility to introduce
certain complex properties of real catalysts, and most importantly they are still easily accessi-
ble formost surface science probes.62 CO combustion on Pt surfaces andHaber-Bosch process,
already discussed above, are two examples of these kinds of systems. More complex models,
based on supported nanoclusters, inspired by real catalysts, are now broadly used. These
complex model catalysts are synthesized for the purpose of understanding processes such as
12
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Figure 1.5 – Proposed reaction mechanism and energy proﬁle for ammonia synthesis over
iron cluster catalysts. (a) the reacting gases (N2 and H2) adsorb onto active sites on the iron
clusters. (b) the N-N bond distance is more or slightly lengthened (depending on the inter-
action with cluster surface) while adsorbed on the surface compared to the N-N distance
in the N2 gas molecule. (c) reagents undergo chemisorption that results in dissociation into
adsorbed atomic species and where nitrogen and hydrogen react on the catalyst surface
through Langmuir-Hinshelwood mechanism to form NH3 in which N2 dissociation is the
rate determining step. (d) the energy barrier (Edi s) for this mechanism corresponds to the








Figure 1.6 – Representation of the dynamic phenomena that can take place in a catalytic
process on supported nanoparticles. Adapted from Ref.2
the effects of the cluster size,63–66 shape67,68 and composition.69
1.6 Catalysis on supported clusters
At very small scales, supported clusters are very complex systems in catalysis. The reaction
dynamic depends on the composition and structure of the catalyst. For example, the effects
of geometrical structure induce different atomic arrangements from those of solids. Small
clusters give rise to faces, kinks and corners each exhibits different adsorption sites. Interac-
tion with the support material is another important factor. It can modify the morphology, the
electronic properties and the catalyst reactivity and selectivity. All these parameters have a
great inﬂuence on the reaction kinetics and should be taken in consideration in designing sup-
ported size-selected cluster catalysts. A representation of the adsorption-desorption processes
taking place in the vicinity of a supported cluster is shown in Figure 1.6. In the following, some
of these effects70 are, brieﬂy, presented:
• Support related effects: The dynamic of reaction on supported nanoparticles is in
general more complex than in the case of reactions on single crystal surfaces. The higher
complexity is due to the fact that supported metal clusters expose different faces each of
which can interact differently with the adsorbates. At the same time the presence of the
substrate can modify the behavior and the adsorption dynamics of the adsorbates in
ways that can both enhance or hinder the catalytic performance of the clusters. In fact,
metal-support interaction does not always lead to a decrease of activity, as is usually
observed for strong metal-support interaction, but can considerably increase it71 as a
result of a strong electronic interaction between metal particles and the support.72 The
support can alter the intrinsic cluster properties in many ways. Surface defects, for
example, could act as an electron traps or donor centers to the reaction. A correlation
is found between Au reactivity for CO oxidation and defects concentration in MgO
support.73 Moreover, the cluster size and the strength of its interaction with the surface
could have an effect on the cluster-surface wettability and consequently on the cluster
shape and conﬁguration. It can modify whether the cluster is in 2D or 3D shape and
also which crystallographic planes are exposed to the reactants.
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Besides the mentioned effects, reactants dynamic (migration, adsorption) on the cluster
surface can act differently in the presence of a support. In this respect, well-established
phenomena such as spill-over and reverse spillover are of great importance in the dy-
namics of nanocatalysis. In the former, intermediate reactants migrate from the surface
of the cluster to the substrate where they can react, for example with defects, before
desorbing (Fig. 1.6). In the latter, the adsorbed species on the support diffuse toward
the catalyst. If they reach an area, called the capture zone, of a catalyst particle, they
migrate onto the metal and then participate in the reaction. This area depends on de-
fects concentration, temperature, adsorption and diffusion of reactants, and also on the
cluster surface density. More interesting, however, is the situation at the periphery of
the cluster/support. This process assumes that the reaction proceeds at the particle/-
substrate interface, or more particularly metal/oxide, where special types of reaction
sites appear along the interface. However, there is little direct experimental evidence for
that, although this process has repeatedly been suggested for the combustion of CO on
Au nanoparticles.
• Electronic size effects: The limited number of atoms in small clusters gives rise to dis-
crete electronic levels and high surface to volume ratio. This should have important
implications on the catalyst binding energy, i .e., the chemical reactivity towards adsor-
bate species. Charge transfer between the clusters and the support determines their
mutual interaction as well as the dynamic of clusters (ripening, coalescence) through
their bonding character to the support. The charge state of the catalysts can change con-
siderably their reactivity. For example, negatively charged Au clusters have been found
to activate O-O bond while positively charged ones promote CO and hydrocarbons
adsorption.74,75
• Geometrical effects: As the cluster size decreases, the proportion of low coordinated
atoms increases. This would rises the concentration of steps and kink sites and therefore
promotes the activity of the catalyst which has been interpreted in terms of the enhanced
proportion of the low-coordinated sites at the cluster surfaces. Metal nanoclusters
surrounded by well-deﬁned facets show better catalytic activities compared to their bulk
surfaces. Metal nanoclusters enclosed by multi-facets are very noble catalysts and are
reported to be very promising for electro-catalytic reactions due to the presence of high
surface insaturations.3 A 1 nm size of octahedral nickel nanocluster (Ni85) enclosed by
well-deﬁned low index facets (eight (111) facets) (Fig. 1.7) is an example that is mainly
observed in the experimentally synthesized Ni-nanoclusters.76,77
• Restructuring effects: It is not excluded that the cluster surface suffers restructuring
during catalytic reaction. Interaction with the reactants can modiﬁes the cluster shape,
induces ripening or can change the chemical composition of the clusters.
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Figure 1.7 – Octahedral Ni85 nanocluster enclosed by eight (111) facets. Adapted from Ref.3
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2 Clusters
Clusters are particles consisting of a limited number of atoms or molecules, linked by various
bonds. They are composed from two to around 106 atoms. Clusters were observed and used
by humans since ancient times. For example, they were already used in the middle ages by the
glaziers who discovered a way to make beautiful stained glass by a suitable treatment of the
glass containing various metals. The superb color results were due to the diffraction of light
by small metal clusters dispersed in the glassy mass. The characteristics of clusters are due
to their deﬁned size, which results in high surface to volume ratio making them suitable for
applications in the ﬁeld of catalysis and gas sensing. Moreover, the energy separation of small
cluster electronic levels is quite close to that of a molecule and varies as function of cluster
size. It is therefore considered as an intermediate state between the atoms or molecules of the
gas phase and the bulk state. The clusters properties can give rise to physical and chemical
properties different from that of the bulk state. Haruta, in his work in the ﬁeld of catalysis,
found that small Au clusters are highly active to many reactions which is not the case where
gold is known to be an inert material in the bulk state.78
For almost two decades, isolated metal clusters in the gas phase have been considered as
model systems for understanding different cluster properties, in particular chemical and
catalytic properties.79 However with such models, no real applications could develop. In
order to be useful in applications, clusters should be either in solution or supported on a
surface. The support is a key player and in many cases will interact with the clusters changing
their morphology, electronic structure and catalytic activity. Due to their interest in technolog-
ical application, supported metal cluster are well-considered in many research groups all over
the world.7,29,78,80–83
2.1 Cluster production
The cluster properties highly depend on their morphology and their size. Therefore, producing
them in a reliable way is necessary. Real cluster-based catalysts are usually produced through
wet chemistry techniques like impregnation or co-precipitations.84 More conventional ways
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Figure 2.1 – Kr ions-target collision and clusters emission after impact.
apply lithography, of which the maximal resolution is about 5 nm, or scanning tunneling
microscopy to displace atoms. The drawback of these techniques is that they give rise to broad
size distributions.85 Since in this thesis the clusters were in UHV, we will focus only on similar
production.
• Clusters formed by laser evaporation: Basically, laser evaporation is used for materi-
als with high melting point. It consists of evaporating a material using a high power
laser. The unleashed particles form a plasma which is cooled and carried out by a noble
gas injected through a pulsed valve. Charged clusters are formed during the expansion
and carried to the outlet of the evaporation chamber to form a supersonic molecular
beam.
• Evaporation: Vacuum evaporation is itself based on a thermal principle. Thus, the
heating allows the material to reach its melting point and then, in a second time its
vaporization point. It is based on two elementary processes, evaporation of a heated ma-
terial (by joule effect, electronic bombardment or through effusion) and condensation
of the evaporated material on the substrate.86
• Sputtering: Clusters produced by sputtering have been an important topic during
the last decade. The principle of this method lies on removing constituents from a
material target using high energetic noble gas ions accelerated by an applied potential
(Fig. 2.1). This collision of incident ions results in a kinetic energy and momentum
transfer to the target releasing a bunch of positively and negatively charged ions as
well as neutral atoms. In most cases, the charged particles are only 10 to 20 % (80
% in the case of magnetron sputtering, depending on clusters species). The plasma
sputtering produces charged and neutral metal atoms, by traveling through a region
with a relatively high pressure of rare gas, the atoms cool down and condensate into
metal clusters. After the cluster production, the mass selection takes place, typically,
through quadrupole mass ﬁlters or time of ﬂight ﬁlters.
These techniques usually produce clusters with wide size distribution. For many practical
applications, the narrowest size distributions, up to perfect monodispersion, is required. This
can be achieved through mass selecting the clusters before deposition. This method depends
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on the charge state and the mass range of the clusters. In the case of neutral cluster beam,
one has to rely on separation through a difference in momenta or velocities. Buck and Meyer
developed a method based on the scattering of a cluster beam at an intersection angle of
90°.87 The heavier clusters are scattered into smaller angles compared to the lighter ones. An-
other approach applies aerodynamic focusing of an expanded beam, containing different
sized particles, through a nozzle. In this case the clusters are focused and dragged using their
outward radial velocities. Since the effect of radial drag is size dependent, it can be used for
size separation of the clusters. In the case of charged cluster beam a quadrupoles is widely
used as a ﬁlter. This later is made by 4 parallel metallic rods in which are applied a direct and
an alternative potential. Only particles with a deﬁned charge to mass ratio can go through
it. The experimental setup used for this thesis uses sputtering with a Cold Reﬂex Discharge
Ion Source (CORDIS)88 to produce clusters and a quadrupole mass ﬁlter to perform the mass
selection. Our cluster source, based on the design by Schaffner et al. et al.,89 is described in
the experimental section.
2.2 Cluster deposition
Let us now consider a cluster arriving on a surface. The collision time is very short, of the order
of 1 ps. This time interval is too small to allow signiﬁcant energy dissipation by heat diffusion
across the surface. The local temperature and pressure during the impact can be extreme,
leading to a modiﬁcation of the cluster and/or the surface. The subsequent evolution of the
cluster-surface system after impact is related to relaxation. Only then, on a time scale of up
to several days, the system ﬁnds an equilibrium through thermally activated processes. For
a comprehensive review of cluster deposition processes, the reader is referred to Ref.90 The
system status after impact depends on the following parameters:
• The cluster size N.
• The cohesion energy per atom of the cluster (Eclcoh) and the surface (E
sur f
coh ). If this ratio
is large, the cluster easily penetrates the surface and if it is small the cluster fragments
without signiﬁcant surface modiﬁcation.
• The impact energy E0 per atom.
• The adsorption energy of the cluster atoms on the surface.
• The angle of incidence.
• The atomic mass ratio of cluster and surface.
The variation of these parameters provides different results from a cluster gentle deposition
to the destruction of the cluster and the surface. Figure 2.2 represents the more relevant
deposition processes for our study:
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• Soft landing: The cluster lands on the surface without any damage to the cluster itself
or to the surface. This is an ideal case. The cluster sits on the surface maintaining its 3-D
structure, without experiencing any collision-induced deformation. In practice, there is
always some deformation induced by the cluster absorption energy so that the structure
of the cluster is modiﬁed. An alternative way to perform softlanding conditions is to
deposit clusters into a rare gas buffer layer before deposition on a support.
• Plastic deformation: If the cluster landing energy is close to the cohesive energy, the
clusters upon impact will still intact, and is plastically deformed. This is a more realistic
model.
• Fragmentation: The surface remains intact but the cluster decomposes into two or
more constituents. To fragment, a cluster has to overcome the cohesive energy of its
constituents.
• Implantation: The cluster impact modiﬁes locally the surface structure creating defects
which can act as pinning point for the cluster and enhance its stability.
A hard substrate shows a strong resistance to deformation and the cluster fragments upon
impact.91 At low energies, the local temperature during surface impact can evaporate small
fragments and few atoms might get implanted in or reﬂected from the surface. At higher
energies, fracture of the cluster takes place and scattered fragments can be composed by small
clusters. On the contrary, a hard cluster crashing on a soft substrate can inﬁltrate partially or
totally into the substrate without breaking itself. It can create a crater with a rim of ejected
substrate atoms. It should be mentioned here that the stability of clusters on surfaces can
be strongly enhanced by pinning some of its atoms into the surface.92 The threshold for this
process depends on the cluster-target combination. By further increasing the cluster kinetic
energy, the substrate atoms can even be pushed out and leave the surface. This phenomenon
could give rise to reactive sputtering in which the projectile and the target atoms form an alloy.
2.3 Atoms and clusters on the surface
It is crucial to know what is the becoming of a cluster as it lands on the substrate. Instead
of remaining stationary and preserving its free structure after landing, it might fragment, or
become embedded in the surface. The presence of the surface will, likely, cause perturbation
to the free cluster structure. A further possibility is the diffusion of clusters, so that they may
aggregate together to form islands.93 Driven by the thermal energy, the adsorbed clusters
and adatoms on the surface ﬁnd their equilibrium through diffusion and aggregation pro-
cesses. Figure 2.3 resumes the typical atom and cluster movements. An atom meets another,
forming a dimer which can evolve in three ways: either, it dissociates, remains stationary or dif-
fuses. In the latter two cases, the dimer increases by capturing other atoms or clusters. Atoms
may diffuse along or across steps on the surface, they can exchange their position with one
of the atoms of the support or they can migrate on a cluster. During surface diffusion, the
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Figure 2.2 – Possible outcomes of the cluster deposition on a surface depending on the
deposition parameters and on the properties of the cluster and the support.
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Figure 2.4 – (a) Average cluster size versus annealing temperature for a system that grows in
following cluster diffusion (Co/Pt(111))5 and (b) a system following Ostwald ripening. Adapted
from Ref.6
clusters could cross surface defects, that is to say an incomplete coordinated atomic area in
which adsorption of atoms are energetically favorable. These defects are stabilizer centers for
diffusive species. The cluster growth can follow two different path:
• Ostwald ripening: This corresponds to the case when larger clusters grow at the expense
of smaller ones.94,95 Large clusters, with their lower surface to volume ratio, results in
a lower energy state (have a lower surface energy). As the system evolves, to lower
its overall energy, adatoms on the surface of a small cluster will tend to detach and
diffuse, then attach to the surface of larger cluster. Consequently, the number of smaller
clusters continues to shrink, while larger clusters continue to grow. Suppression of
Ostwald ripening through elimination of its main driving force via size-selection could
be conceivable by designing model systems with precise atom-by-atom particle size
control.96
• Cluster diffusion: It corresponds to the case of diffusing of entire clusters that merge
when they meet to form new bigger clusters. The result of this process is a stepwise
growth of the cluster size.
It is possible to distinguish the two different processes by studying the particle-size distribution
(PDS) with temperature. In the case of Ostwald ripening, the PSD shows an analogous shape
with a tail in the small-diameter regime, which results from the continuous supply of small
clusters (Fig. 2.4b). The total cluster coverage remains constant and the maximum of the PSD
does not shift signiﬁcantly.33 For the diffusive mechanism or what is called Smoluchowski
mechanism, the PSD shape corresponds to a log-normal distribution function, tailed towards
higher particle sizes. The smaller particles tend to shrink and disappear, this leads to a short
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cutoff of the PSD at lower particle diameters. As a result, the total cluster coverage decreases
immediately. As it is shown in Figure 2.4a, a system which grows in following cluster diffusion
(0.1 ML of Co/Pt(111))5 presents a stepped evolution of the mean cluster size as a function of
the annealing temperature.
In the case of a multilayer system or when a monolayer is used as a second stage on top of a
support, supported small clusters, often, undergo a process named intercalation. Driven by
temperature, detaching adatoms from clusters cross under the top support layer and stacks
below. For example, it was found that Mn clusters deposited at room temperature on graphene
and h-BN supported on Rh(111) can intercalate under annealing.97 It is believed that the gates
for cluster intercalations are area of high density of surface defects. Intercalation can lead to
possible controlling of size and arrangement of intercalated clusters as well as the properties
of the surface. Inserting foreign atoms or molecules between hexagonal two-dimensional
sheets of graphite, can be used to tune the system properties such as the interlayer spacing and
charge transfer of graphite.98 For example in the case of graphene on Ni(111), Cs intercalation
weakens the strong interaction between graphene and substrate which leads to ideal free
standing graphene.99 In the case of cobalt-graphene/Ir(111), Co intercalation enhances the
out-of-plane magnetic anisotropy at the graphene/Co interface.100
2.4 Equilibrium structure of the clusters
At the thermodynamic equilibrium, all diffusion process mentioned above are conducted
at equivalent rates and in opposite directions. So there is, macroscopically, no growth or
evolution. the reorganization of nanostructures can be activated again by annealing the system
at certain temperature in order to provide sufﬁcient energy and allow the sample to evolve
freely. After cooling, the resulting state is the most stable for this annealing temperature and
depends only on the cluster surface-energy (γCluster ), the support surface-energy (γSuppor t )
and the cluster-surface interaction energy(γInteraction). The cluster wetting behavior of the
surface, according to Bauer, would deﬁne different growth modes.
These three energies deﬁne the parameter Δγ = γCluster - γSuppor t + γInteraction . The sign of
Δγ allows distinguishing between different growth regimes101,102:
• Δγ < 0: The results of surface energy is favorable for wetting. The deposited particles
organize themselves so as to form two-dimensional layers. Growth, layer after layer,
is known as Franck-van der Merwe type. This is the case generally met during the
deposition of ametal on ametal support inwhich the difference in the lattice parameters
(or lattice mismatch) is low, such as the case of Ag/Pt, for example.
• Δγ > 0: The surface free energy of the deposited material prevails and one should sees
scattered dimensional nanostructures. This type of growth is typical for a metal over an
oxide and is named Volmer-Weber. Cu/TiO2 is an example of this type of growth.
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Figure 2.5 – Representation of the growth regimes: (a) in the Frank-Van der Merwe growth,
the deposited atoms wet the surface and the growth takes place layer by layer. (b) in the
Volmer-Weber growth, three-dimensional clusters are formed since the beginning. (c) in the
Stranky-Krastanov growth, the initial two-dimensional growth is followed by the formation of
three-dimensional islands.
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Figure 2.6 – Periodic table with the transition metals highlighted and electron density ρ
distribution for d and s orbitals for Cu, Pt, Ni, Pd.
• Δγ≈ 0: A transition from a 2D growth for the ﬁrst 3D layers for a certain coverage can
occur. This transition is due to the relaxation of the network induced by the difference
in the lattice parameters of the two materials. We are dealing with a Krastanov-Stransky
type of growth that we encounter typically in the case of a metal deposited on another
metal whose lattice mismatch is important, for example in the system of Ag/Pd(110).
A representation of the three regimes is shown in Figure 2.5.
2.5 Transition metals clusters
Transition metals elements share a range of considerable properties such as high melting
points, hardness and good electrical and heat conduction. The transition elements may be
splitted with respect to their electronic structures into three main transition series. The ﬁrst
main series begins with scandium and ends with zinc. The second series starts with yttrium to
cadmium and the third one ranges from lanthanum to mercury. These three main transition
series envelopes 30 elements called the d-block transition elements. They are known to possess,
or can give rise to, electronic conﬁguration containing incomplete d subshells which has an
important role in the formation of chemical bonds (especially surface bonds). It should be
noted that some of them, such as Cu, Ag and Au, are noble metals with a completely ﬁlled d
sub-layer which give them quite different properties with respect to the other elements. The
speciﬁcity of d-orbitals resides on the long range interaction, so they yield small barrier for
adsorption (compared with s and p orbitals) and due to this, the activation energy for a
catalytic process decreases drastically, promoting such metals to be good candidates for the
creation of highly catalytic systems (see Figure 2.6).
The partially ﬁlled d-orbitals catalysts exhibits properties of special importance because of
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Figure 2.7 – STM images of Pt3, Pt7 and Pt10 as deposited on TiO2(110)-(1×1) and their corre-
sponding CO2 production. The STM insets represent the cluster height distributions. Adapted
from Ref.7
their tendency to form coordination compounds, ability to form multiple chemical bonds
as well as their ability to accommodate multiple accessible oxidation states. They are very
important in science, and on the industrial scene. Pd as a catalyst is widely used in chemical
processes such as oil reﬁning and exhaust gas treatment. It is used for CO and CH4 oxidation,
and recently Pd clusters are found to exhibit high activity and selectivity towards hydrogena-
tion of Nitroarenes.103 Ru promoted catalyst was introduced as an alternative to iron for
ammonia synthesis at reduced pressure and reaction temperature.104 Some reactions of com-
plex molecule synthesis are only compatible with heavy transition metals. Ru is found to
catalyze, using hydrogen exchange, new C-C links formation in alcohols.105 Au is used in
various catalytic processes such as, CO and H2 oxidation, NO reduction and water-gas shift
reaction. Selective hydrogenation of carbonyl groups can also be hydrogenated to alcohols
using copper catalysts.
2.6 Platinum clusters
Platinum based catalysts are critical and essential to many industrial chemical processes. Nev-
ertheless their efﬁciency per atom is extremely low, because only the exposed atoms contribute
to the reaction. Small Pt clusters provide high surface area to volume ratio, and a large number
26
2.7. Iron clusters
of highly active low coordination sites. It was also demonstrated that small platinum clusters
perform the oxidative dehydrogenation of propane 40 to 100 times more efﬁciently than
traditionally platinum and vanadium catalysts.106 The properties of very small size selected
clusters have been studied both in the gas phase and supported state. There have been sig-
niﬁcant theoretical efforts to investigate the structures of isolated platinum clusters, but so
far these are inconclusive, predicting different low-energy structures.107,108 DFT shows that
up to Pt5, the cluster forges in the planar structure.109 In disagreement with DFT prediction,
experimental determination of the cluster structure in the gas phase shows that Pt4 is three
dimensional.107 Catalytic activity of the unsupported platinum cluster has also been studied,
showing that Pt+n (n=3-5) are effective catalysts for CO oxidation at room temperature.110 Size
selected Pt clusters have been studied with STM on different supports. Clusters supported
on TiO2 with less than seven atoms appear planar on the surface. Pt8 and Pt9 show two and
three-dimensional isomers, while bigger clusters are three dimensional.111 Subnanometer
platinum clusters are highly active as catalysts due to large fraction of undercoordinated sur-
face atoms. However, this makes them very sensitive to ripening. Figure 2.7 shows STM images
of small Ptn(n=3,7,10) clusters supported on TiO2, where a size effect can be demonstrated. In
these cases, the catalytic activity decreases monotonically with increasing the initial cluster
size. The clusters are found stable in UHV up to 600 K, but only up to 430 K when reaction gas
is adsorbed on them.7 Ptn (n less than 10) supported on graphene/Ir(111) are unstable upon
CO adsorption and they grow in size through Smoluchwski ripening, while larger clusters
remained immobile, but became more three dimensional.
2.7 Iron clusters
Iron is a ferromagnetic element and it belongs to a small group of ferromagnetic atoms, at
room temperature, which consists of Fe, Co and Ni. In transition metal, only Fe, Co and Ni
are ferromagnetic at room temperature However, it is also highly active to many catalytic
applications in many industrial processes such as ammonia (the Haber-Bosch process) and
parafﬁn (the Fischer-Tropsch process) synthesis. The catalytic activity of free Fe clusters has
been studied and was found to exhibit high activity in the reaction of ethylene to benzene20
and the oxidation of CO in the gas phase.112 Research on supported iron catalysts is of great
interest for many applications, especially, for ammonia synthesis. Theoretical calculation
performed on Fe7 nanoclusters supported on MgO, shows the possibility of a low-temperature
synthesis of ammonia if the Fe nanoclusters are passivated with nitrogen.8 It was found that
N2 hydrogenation starts only after the adsorption of 10 H atoms to the pre-nitrogenated Fe
cluster as indicated in Figure 2.8. Industrial nano-iron catalyst supported on cerium oxide has
been produced allowing ammonia synthesis at reduced pressures and temperatures where
about 50 % of energy could be saved against current methods.113 Part of the work of this thesis
is dedicated to the catalytic aspect of iron clusters supported on corrugated h-BN monolayer
whose structure and properties are discussed in the following section.
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Figure 2.8 – Side views of the intermediate states during hydrogenation of the N2 molecule
at the nitrogenated Fe7/MgO cluster and the corresponding potential-energy proﬁle. The
indicated amounts of H correspond to atoms in the gas phase. All energies are in eV. Color
code : grey (Fe), blue (N) and black (H). Adapted from Ref.8
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3 Hexagonal boron nitride: h-
BN/Rh(111)
3.1 Structure
The investigation of catalytic reactivity, stability and the underlying chemical or physical
processes of small particles and clusters needs a proper choice of the substrate and the
substrate preparation. Recent studies have shown that two-dimensional nanomaterials can
serve as excellent candidates for the support of metal nanoparticles.29 Among these supports,
two-dimensional hexagonal boron nitride (h-BN) (Fig. 3.1) which possesses similar planner
structure (single layer of sp2 hybridized h-BN) like graphene but with different properties, is
getting intensive attention due to its capacity for self-assembling of atoms andmolecules114,115
and its interesting properties, such as exceptional mechanical and thermal behaviors, and
chemical stability.116 The difference in electronegativity of B and N, allows h-BN to be more
ionic, making its interaction and charge transfer with deposited transition metal (TM) atoms to
be different from those on graphene beside various defects, such as vacancies and boundaries,
that exist in the as synthesized h-BN single layers and are ready to anchor nanoparticles and
change the electronic properties of adsorbed atoms, molecules and clusters.115
Figure 3.1 – Molecular models for boron nitride as viewed from the side and the top.
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Figure 3.2 – (a) Monolayer model for h-BN moiré showing depressions (d) and wires
(w). (b) cross-section of h-BN on rhodium showing depression and wire regions. The unit cell
of the moiré pattern contains 13 × 13 unit cells of the h-BN lattice, ﬁtting onto 12 × 12 unit
cells of the underlying Rh(111) surface. (c) BN moiré observed by STM. The center of each ring
corresponds to the center of the depressions. Adapted from Ref.9,10
The interest in single layer h-BN has mainly been driven by its ability to form self-assembled
nanostructures on lattice mismatched substrates, in particular, on Rh(111) and Ru(111), which
makes it a promising candidate for creating nanostructured templates for a variety of appli-
cations. In 2004, Corso et al. reported curious epitaxial BN which adopts a highly regular
superstructure that has been called ‘nanomesh’ as observed under scanning tunneling mi-
croscopy (STM).117 Unlike Chemical Vapor Deposition (CVD) preparations of single layer BNs
which were carried out in low-pressure chambers with lattice-matched Cu or Ni substrates,118
the BN nanomeshes were grown from a borazine (B3N3H6) precursor in an UHV chamber on
a hot (800 °C) Rh(111) surface. The original recipe for preparing the nanomeshes consisted of
heating a Rh(111) surface at 1050 K under low pressure of pure borazine gas. Rh(111) has a
lattice mismatch of about 7 % with h-BN, leading to arrays with 2 nm diameter depressions
(pore-like structures) and an ordered periodicity of 3.2 nm as seen in STM images (Fig. 3.2). It
has been shown that the h-BN is a coincidence of 13 h-BN units per 12 Rh substrate units
with a corrugated monolayer (Fig. 3.2b). The h-BN on Rh(111) consists essentially of a regular
hexagonal structure of 2 nm wide depressions in the h-BN layer and the distance between 2
depression centers is 3.2 nm.119 The lattice constant of 3.2 nm is determined by the mismatch
between the boron nitride and Rh and the depressions are in fact shallow regions of about 2
nm diameter that strongly interact with the substrate, thus with a closer distance, while the
surrounding areas (the wires) are weakly bound regions with a larger h-BN distance to the
substrate. This happens because the nanosheet-metal interactions are such that N atoms are
attracted to the metal atoms while the B ones are repelled from them. The hexagonal arranged
high and low regions have a height difference of 0.55 Å. The h-BN single layer, in fact, does not
exhibit holes. So, it is sometimes, referred to as a moiré pattern and not as a nanomesh.120 The
existence of a lattice mismatch between the BN layer and the substrate, leads to periodic areas
where N atoms are sitting right above Rh atoms and thus have the most interaction strength
due to the hybridization of the N lone pair orbital with the Rh d-states, while there are offsets
at other regions where N atoms are situated on the threefold Rh hollow sites.121
The corrugation pattern, shown in Figure 3.3a, represents the modulation of the B-N bond
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Figure 3.3 – (a) The h-BN/Rh(111) moiré and the corrugation of the h-BN layer. The color
code of the h-BN monolayer reﬂects the height of the B and N atoms with respect to the
substrate. The blue areas correspond to the depression regions (pores), the red to the wire
regions, and the atoms colored with yellow and green form the so-called "rim". (b) The N
height relative to the underlying substrate. The exact arrangement of Rh, N and B atoms is
given for three different areas (blue: depression, yellow-red: wires). (c) WXA is where (B-hcp,
N-fcc), and it is slightly higher (0.2 Å) over Rh than WXB where (B-top, N-hcp).
length which also stands for the modulation of the electronic properties of the monolayer. This
should contributes to the spatial modulation of the electrostatic potential above the moiré
which is responsible for trapping of atoms and molecules.122 The h-BN moiré has two different
wire crossing sites characterized by different registry to the substrate (Fig. 3.3b and c). One site
(WXA) with boron on top of a Rh atom and nitrogen on hcp hollow sites, i .e., (N-hcp, B-top),
and another one (WXB) where boron stays at hcp hollow sites and nitrogen at fcc sites, namely
(N-fcc, B-hcp). These two sites are weakly bound to Rh. The strongest bound to Rh is where
(N-top, B-fcc), i .e., in the depression region.
Flat monolayer hexagonal boron nitride (h-BN) which is insulating and stable against high
temperatures and reactive gases123 can be deposited by chemical vapor deposition (CVD) on
transition metal surfaces, such as Pt, Pd, Cu (3d) and Ni (3d), using either ammonia borane
(H3B-NH3) or borazine (B3N3H6). On Rh(111) and Ru(0001) surfaces, however, a corrugated
unique h-BN layer124 is formed. For h-BN deposition on Rh(111), a partial pressure of borazine
(Fig. 3.4a) is introduced into theUHV systemand exposed to the hot Rh surface. The interaction
with the Rh decomposes the borazine (Fig. 3.4b) leaving fully dehydrogenated hexagonal
molecules that diffuse about the surface and combine to saturate their open bonds. The tiling
of many molecules ﬁnally results in a perfect two dimensional crystal lattice of hexagonal
boron nitride, as is sketched in Figure 3.4c,d.
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Figure 3.4 – h-BN monolayer deposition from borazine. (a) the borazine molecule is isostruc-
tural to benzene. (b) the catalytic interaction with the hot sample surface removes hydrogen
from the molecule. (c) periodic tiling of dehydrogenated borazine that forms the layer of
hexagonal boron nitride. (d) a monolayer BN with a honeycomb structure made up of ring
units of borazine. The B–N bonds, covalent in nature but with ionic characteristics, are 1.45 Å
in length. The distance between the centers of neighboring borazine rings is 2.50 Å. The edge
of a monolayer could be either zigzag (B- or N-edged) or armchair (BN pair-edged).
Due to epitaxial stress resulting from lattice mismatch between the substrate and the sp2
layer, a corrugated nanosheet could be formed if the interaction between the substrate and
the deposited layer is sufﬁciently strong. Because of the misﬁt between h-BN and Rh, and
the preference of nitrogen to bond on top of Rh, the 13 × 13 BN units divide into bonding
areas, the “depressions” where the h-BN wets the substrate, and into “wires” where the h-
BN has a pure van der Waals bonding to the substrate. However, if the mismatch is small, a
single layer h-BN on the metal surface remains ﬂat or only slightly deformed, providing more
homogeneous adsorption on the surface. It should be mentioned that a large lattice mismatch
does not necessarily lead to strong corrugation. In fact, the corrugation is more dependent
on the monolayer-substrate interaction strength. For example, Pt(111) has a larger lattice
mismatch with h-BN (10.8 %) than Rh(111) (7.6 % ), but little to no corrugation was found on
the grown monolayer on Pt(111). The Rh(111) substrate is among ones that interact strongly
with h-BN monolayers, resulting in nanosheets with periodic corrugation.121 The h-BN on
Rh(111)117 and on Ru(0001)125 is under consideration for use as a template for self-assembly
or self-organization processes and supporting various nanoparticles and clusters such as Pt
and Au as well as for trapping atoms and molecules.126 Therefore, applications in catalysis
could be easily realized because the depression zones in the moiré could serve as traps to
aid in nanotemplating for subsequent arrangement of metals or molecules into arrays of
nanoparticles.119,127 Figure 3.5 shows a schematic view of a single layer h-BN on metallic
substrate, with adsorbed molecules. If the single layer is ﬂat (Fig. 3.5a), molecules adsorb
homogeneously over the surface, while in corrugated layer systems (Fig. 3.5b), molecules will
be trapped in the depression zones. The h-BN coating has been demonstrated to remain intact
under ambient conditions and at high temperatures thus protecting the underlying substrate
against oxidation.
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Figure 3.5 – Schematic side view of a ﬂat (a) and corrugated (b) single layer on top of a metal.
Figure 3.6 – Schematic presentation of the h-BN intrinsic defects: nitrogen impurity (Ni ),
boron impurity (Bi ), nitrogen vacancy (VN ), and boron vacancy (VB ). Color code: Boron in
yelow and nitrogen atoms in red.
3.2 Defects in h-BN
Defects play a key role in determining the properties and technological applications of
nanoscale materials. Since 2D BN layers are promising for many interesting application,
it is crucial to understand the nature and behavior of its intrinsic defects. Four types of point
defects, such as nitrogen vacancy (VN ), nitrogen impurity (Ni ), boron vacancy (VB ) and boron
impurity (Bi ), can form in h-BN single layer (Fig. 3.6). The Ni and Bi impurity defects have low
formation energies, comparable to those of the vacancies VN and VB . So, Ni was found to be
the most stable defect in h-BN under N-rich conditions followed by the nitrogen vacancy.128
Formation and aggregation of vacancy defects on h-BN can be realized by ion bombard-
ment which sputters out boron and nitrogen atoms, leaving vacancy defects within the h-BN
layer. The B and N vacancies formation and their stability and mobility is of great importance
for h-BN application as active template and its functionalization processes. These vacancies
can be annealed at elevated temperatures due to their mobility. Nevertheless, vacancies gen-
erated in the depressions may not leave during annealing due to the strong interaction of
the pore regions which allows for an increased stabilization of vacancies in the depression
zones. It has been shown that N vacancies which were found to act as donors are less stable
than B vacancies and STM experiments have revealed an accumulation of defects at the rim
and the wire of h-BN. Furthermore, BN vacancy pairs were found to be more stable than the
corresponding single vacancies and that they have, also, a tendency to accumulate towards the
rim.122 Another type of defects that is worth to mention is defect lines that result from merging
of two h-BN domains with different registry to the substrate which have been observed in
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h-BN/Ni(111),i .e.; where the stacking of the B atoms with respect to the substrate changes
from fcc to hcp while the N atoms are always at on-top sites.129,130
3.3 Electronic properties and support effects
Strong correlation between the electronic structure and the catalytic activity has been revealed
in catalysis. So, controlling the active site electronic structure is crucial for creating suitable
chemical bonding with the reactants (not too weak and not too strong), which ensures both a
good electron transfer between the catalysts and the reactants and a facile products-releasing
process.131 Contrary to graphene which has semi metallic properties with a zero band gap,
the h-BN which possesses partially ionic B-N bonds, is an insulator with a wide direct band
gap of 5-6 eV. Like graphene, BN forms a sp2 honeycomb network with strong σ in plane
bonds and soft π bonds to the substrate and the adsorbates. However, unlike graphene where
the π derived electrons are delocalized, the corresponding electrons in h-BN are bond to
the nitrogen atom. On the other hand, the electronic properties of low-dimensional h-BN
systems differ considerably from those of bulk h-BN. The band gap in single layer h-BN can
be considerably reduced by vacancy and impurity defects132 or by decorating the BN sheet
with hydrogen atoms.133 Support effects can signiﬁcantly modulate the band gap in two-
dimensional (2D) nanostructures. It was found that monolayer h-BN is weakly bound to the
metal surfaces and remains an insulator.123 However, it has been shown that some mixing of
the π h-BN and d metal bands can occur134 and strong orbital hybridization between the Ni
3d and h-BN π states has been demonstrated, indicating a strong interaction between h-BN
and the Ni(111) substrate.135 Moreover, it was reported that monolayer h-BN deposited on a
transition-metal support such as Ni(111) can be considered as metallic or “partially” metallic
and that a monolayer of h-BN on the Ni(111) surface can exhibit catalytic activity where it is
shown that mixing of the Ni dz2 orbitals with the N pz and B pz orbitals of monolayer h-BN
considerably modiﬁes the adsorption energies of simple molecules on h-BN/Ni(111) and
functionalizes the inert h-BN. However, the results of experimental and theoretical studies
on the electronic properties of monolayer h-BN adsorbed on transition-metal surfaces are
still very controversial.136 The h-BN has a peculiar electronic structure that is reﬂected in
the core level binding energies of the elements, which are sensitive to the position of the
atoms. Ultraviolet photoelectron spectroscopy (UPS) of h-BN on Rh revealed a splitting of
the σ-band, indicating two different types of bonds between the overlayer and the Rh.137 A
splitting of the N 1s core level into two components also has been observed by X-ray pho-
toelectron spectroscopy (XPS) and is ascribed to the h-BN layer corrugation.138 Also, it has
been observed that the local work function above h-BN changes following the corrugation
of the BN overlayer. Few angstroms above the atoms forming the depression of h-BN, the
work function is about 310 meV lower than above the atoms of the wire.32 Therefore, the
different registries of h-BN on Rh should be responsible for the modulation of the electronic
properties, which is well recognized by the modulation in brightness of the simulated STM
topography. This modulation is expected to have an inﬂuence on the behavior of adsorbed
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molecules. In transition metals (TMs), the d-electrons are valence electrons often engaged
in chemical reactions. The work function of a surface system changes when adsorbates with
unsaturated π bonds, such as -B=N- in h-BN and -C=C- in graphene, interact with the metal
surface dipoles, which causes electron donation from the highest occupied π-orbitals to the
metal and back donation from the metal d states to the lowest unoccupied π*-orbitals. This
is called adsorption induced charge transfer at the interface.40 The measurement of work
function of a surface system can therefore shed light on the charge transfer and consequently,
on the details of the interfacial interaction. Since the interaction of h-BN with TM substrates
is determined mainly by the orbital hybridization between the TM d states and the states of
h-BN, the strength of chemical bonding at the h-BN/TM interfaces must depend on the char-
acter of the substrate d states energy, occupancy, and angular and radial distributions, varying
from very weak to rather strong chemisorptions. This is why stronger h-BN chemisorptions
on Rh(111) results in a much stronger corrugation of the adsorbed monolayer due to larger
difference in energy between favorable and unfavorable adsorption sites within the interfacial
super cell.139
3.4 Sticking and intercalation
At the nanoscale, textured surfaces play a crucial role in the adsorption of atoms and molecules
and their equilibrium with the gas phase and new applications are expected if the texture
can be switched between different states.138 The binding energy of adsorbed species on
h-BN should be dependent on its work function which would be related to both the type
of conﬁguration (nitrogen- or boron-substituted) and the site of adsorption (depression or
wire). Thus it is expected that the binding energy will be predominantly governed by the nature
of the moiré only and the substrate could have only a small effect on the adsorbed binding
energy.140 Recently, intercalation processes of Ar and Rb, forming the so-called ‘nanotent’
structures, have been reported after irradiating h-BN with low energy ions.141 It has been
shown that impacting Ar ions with low energy close to the penetration threshold (in the order
of 100 eV) can be intercalated and trapped between the metal and h-BN by breaking some
BN bonds and penetrating the over layer. The resulting defective structure relaxes quickly,
while Ar moves to a stable site where a protrusion appears on top of the characteristic super
honeycomb lattice of h-BN. Ar atoms do not rest in depression-sites of h-BN, but are situated
beneath the wires, particularly where wires cross (Fig. 3.7).11,142
The intercalation beneath h-BN is not limited to noble gas atoms. The intercalation of Rb+ ions
with 100 eV kinetic energy in h-BN/Rh(111) has been demonstrated12 as shown in Figure. 3.8.
Upon intercalation, the structural properties and electronic structure of the overlayer can be
altered. The adsorbate-substrate interaction may have some impact on the overlayer such as
weakening of the interatomic bonds and altering of the overlayer surface structure. In the case
of metal adatoms, adsorption or surface alloying may form at the topmost layer as shown in
Figure. 3.9a. For metal substrate covered with an overlayer, energetic or reactive adatoms can
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Figure 3.7 – STM data of ion-implanted Ar beneath h-BN/Rh(111) at room temperture. (a) 3D
STM image of one Ar nanotent (red-yellow peak). The green and blue regions represent wires
and depressions beneath the moiré, respectively. (b) STM image (38 x 38 nm2) showing the
selective Ar implantation: Ar locates at two distinct sites beneath h-BN wire crossings, (labelled
as A (dark blue circle) and B (light blue circle) ), but not in the depressions (P). The bright
protrusions are Ar clusters. The hexagon represents the honeycomb super cell, also shown in
the right-bottom inset. Ut = -1.10 V, It = 0.10 nA. (c) cross-sectional proﬁle along the white line
in panel b. A pore, an occupied B site, an empty A site and another depression (pore-like) are
indicated. Adapted from Ref.11
Figure 3.8 – (a) STM (13.5 nm × 9 nm) of Rb atoms implanted beneath h-BN/Rh(111), Vt =
2.0 V, It = 0.1, nA and T = 34 K. The Rb atoms have a tendency to stay at wire intersection sites
(dashed circle). Vacancy defects generated by the penetration of the h-BN by the ions can, also,
be observed (solid circle). (b) Height Proﬁle along the arrow AB in image (a). Adapted from
Ref.12
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Figure 3.9 – Schematics of adsorbate-substrate interactions, (a) substrate penetration at high
kinetic energy, (b) intercalation at medium kinetic energy, and (c) adsorption at low kinetic
energy.
still reach the underlying metal surface by intercalation via the defected sites and the edges
of the overlayer. Depending on kinetic energy and reactivity, these adatoms may gradually
penetrate further into the metal substrate or simply reside between the overlayer and the
metal surface, as depicted in Figure. 3.9b.143
Metal atoms with low ionization potential such as Cs, K and Na can be intercalated easily at
relatively low temperature while the intercalation of atoms with high ionization potential such
as Pt, Ni and Mo can only be induced chemically or thermally (at elevated temperature)144
and metal adsorbates with very high surface free energy such as Co and Pt tend to agglomerate
into large clusters to lower their surface energy. The immobilization of single atoms beneath
an ultimately thin sp2 hybridized layer, in so called “nanotents” is an interesting way to
functionalize a surface. For atoms, the necessary kinetic energy to penetrate a monolayer of
graphene or h-BN can be estimated from the displacement threshold energies Tαd where α is
index for B, N, or C, atoms, respectively. This threshold energy is the minimum kinetic energy
that an atom needs to absorb in order to be ejected from the system. If this energy is provided
in a head on elastic collision with another atom, the kinetic energy of the incident atom like





where β = (mα/mRb) is the atomic mass ratio, with α = B, N, or C. With the values of T
α
d from
ﬁrst principles, ERbkin is approximately 50 eV for both h-BN and graphene.
12 The electronic and
geometric structure of clusters are commonly known to be unaffected when deposited on inert
supports such as h-BN. Therefore, such clusters can be considered as pseudo-free.145 However,
it has been shown that even a weak interaction of Au and Au2 with the defect-free inert h-BN
37
Chapter 3. Hexagonal boron nitride: h-BN/Rh(111)
surface can have an unusually strong inﬂuence on the binding and catalytic activation of the
molecular oxygen by pushing electrons from the gold to the adsorbed oxygen. Therefore, Au
supported on the h-BN surface (pristine or defected) cannot be considered as a pseudo-free
atom. The support effects have to be taken into account.127 Due to the strong σ-bonds with
strength in the order of 10 eV, defect-free monolayers of hexagonal boron nitride and graphene
are expected to act as perfect and strong membranes that are inert to chemical attack and
impermeable for atoms. If atoms penetrate a sp2 layer, they need signiﬁcant energies that can
lead to knocking out of constituent atoms. On the other hand, the implantation between the
sp2 layer and the substrate implies that the atoms do not penetrate deeper into the substrate,
which imposes an upper bound to the ion energy.141 BN/metal systems are often used in
gaseous atmospheres. Atoms and molecules may diffuse and intercalate at the BN/metal
interfaces. For instance, the periodic corrugation of monolayer BN on Rh(111) can disappear
when a layer of hydrogen atoms intercalate at the BN/Rh interface138 and the BN-substrate
interaction can be tuned by the intercalation, which could affect the physico-chemical prop-
erties of BN overlayers.97 Moreover, BN overlayer on Ru can even be decoupled from the Ru
substrate by oxygen intercalation in O2 atmosphere.146 M. L. Ng et al147 have intercalated CO
in h-BN/Rh(111) at only 300 K and under pressure of 0.01 mbar. In this experiment, h-BN was
found to decouple electronically from the Rh(111) substrate undergoing a mostly ﬂat layer
and the pristine h-BN can be restored upon heating to above 625 K, demonstrating possible
opportunity for a reversible tuning of the electronic and structural properties of monolayer BN
sheets. H2, H2O, O2, as well as a mixture of O2 and CO also have been tested for intercalation
at room temperature (RT) but only CO can intercalate because the other gas desorbs from
Rh(111) below RT. It was also found that intercalated CO resides at the same adsorption sites as
on the free Rh(111) surface,i .e., in the top and hollow sites of the Rh(111), assuming the same
coverage and site distribution as on a free Rh(111) surface. Functionalization could change
the solubility of the monolayer in common solvents or tailor its electronic and magnetic
properties. It has been shown that defect-free h-BN can be functionalized either by doping or
by the metallic substrate for becoming catalytically active.136 Atomic or molecular preferential
adsorption on a template surface provides a facile and feasible means of fabricating ordered
low-dimensional nanostructures with tailored functionality for novel applications. The es-
sential interest in h-BN comes from its unique ability to trap molecules, clusters and atoms
thereby allowing it to function as a surface template in applications such as hydrogen storage
at nanoscale. Covalent functionalization of h-BN with hydroxyl and hydrogen has been ex-
plored. It was found that the most stable products are formed by reaction of OH with boron in
the depression region of h-BN and that the transition state energy is considerably reduced in
the depressions. This suggests that one can expect a strong templating effect for radical-based
functionalisation of h-BN/Rh(111).122 The most energetically preferential site of adsorption
is dependent on the type of atomic species (B or N) that is substituted by a dopant in the
lattice. For example, in C-doped h-BN the binding energy of adsorbate can be expressed as:
δE = Eads/C−BN/Rh −EC−BN/Rh −Eads (3.2)
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where Eads/C−BN/Rh , EC−BN/Rh , and Eads are the total energies of the structure with adsorbate,
without adsorbate, and the adsorbate, respectively. Thus, a bound atom/molecule will be asso-
ciated with a negative binding energy. In this case, the calculated results of density functional




This chapter introduces the reader to the setup and the various experimental components
used in this thesis. It is a completely home-built device allowing in-situ morphology and
catalytic activity characterization of size selected clusters based catalysts. This setup consists
of an ultra high vacuum (UHV) system (shown in Fig. 4.1), equipped with a size selected cluster
source, gas-surface analysis instrument and a scanning tunneling microscope (STM). Working
with clusters as model catalysts require good vacuum conditions (less than 10−9 mbar) to avoid
too much pollution of the sample and assure uncontaminated clusters during the deposition
period. The whole system is equipped with a stage of turbo-molecular pumps in continuous
operation. Since the STM microscopy resolution is very sensitive to mechanical vibration, and
is hardly compatible with the turbo-molecular pumps, the microscope chamber is separately
pumped by an ion pump, which has no moving parts and therefore does not vibrate. The
STM can be coupled to the deposition chamber by a small intermediate chamber (transfer
chamber). The transfer chamber serves for sample and tip loading as well as an airlock for
STM coupling and decoupling. It can also be used as a chemical vapor deposition (CVD)
chamber. The clusters are produced using a Cold Reﬂex Discharge Ion Source which will be de-
scribed later. They are sorted by size and released into the deposition chamber by a quadruple
mass spectrometer (QMS). No valve separates the source from the deposition chamber which
are forming a single enclosure. The sample is ﬁxed onto a manipulator that may be heated or
cooled and its preparation is accomplished by ion bombardment and heating. After cluster
deposition, the sample is transferred in the STM chamber for observation. Subsequently, the
sample is dragged back to the deposition chamber to study the chemical reactions of the
clusters using a home-made device called sniffer. In the following, the sniffer, which is used
for catalytic activity measurements, the gas analysis techniques, the STM principle operation
and the setup source for cluster production and deposition will be presented.
4.1 UHV compatible reactor
In order to conduct catalytic measurements, a sniffer has been designed to deliver and collect
reaction gases to and from the surface. In a typical measurement, gases are injected contin-
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Figure 4.1 – schematic overview of the experimental setup.
uously or as pulses of high pressures onto the sample. The reaction products then desorb
from the surface and get trapped in the "Collector" (Fig. 4.2) and are continuously analyzed by
means of an integrated quadrupole mass spectrometer (Prisma QMS 200 Pfeiffer-Vacuum). A
hot yttrium ﬁlament emits electrons that are accelerated through an aperture into the ion-
izer. The aperture also serves to pump the Collector. The electrons ionize the gas, and a system
of electrostatic lenses guides the ions through a 1 mm 2 hole into the quadrupole. The sniffer
used in this thesis is an improved version of a previous one described elsewhere.148 The moti-
vation behind these improvements is to increase the detection sensitivity from the sample by
reducing the unwanted background contribution of the sniffer itself. In this sense, 2 major
developments can be cited; the ﬁrst was to introduce a heating system in which the sniffer
core could be degassed prior to any catalytic experiment. This was accomplished using a
simple home made oven of a non-porous ceramic material (Al2O3) and a tantalum (Ta) wire
(diameter of 0.1 mm). During the reaction, the system is kept warm in order to avoid molecules
stacking. The second improvements was to replace the upper part of the collector, previously
made of stainless steel, by a tube made of quartz. At approximately 400 °C, the surfaces of
the quartz becomes dehydrated and so the quartz tube will not desorb water. Moreover, the
quartz electrically isolates the head of the sniffer from the rest of its components. This allows
the study of what is called the electrochemical promotion of catalytic reactions (EPOC).
4.1.1 Temperature desorption spectroscopy
The forces binding the molecules adsorbed on the surface of a material can be of low energy
nature such as van der Waals attraction forces. They may also be of high energy nature such as
chemical bonding forces with electronic orbitals overlap. A simple way to break these bonds is
to provide thermal energy or thermal desorption. By performing this thermal desorption in
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Figure 4.2 – 2D representation of the sniffer.
vacuum, it could be simple to analyze desorbed molecules using a mass spectrometer. Tem-
perature desorption spectroscopy (TDS), is one of the fundamental techniques of surface
science. This technique is performed by linearly increasing the temperature of a sample while
measuring the partial pressures of the desorbing gas species. It is used to determine the rela-
tive coverage and activation energies of the desorbing species. The reader can ﬁnd a detailed
analysis of TDS in Ref.149,150 and references therein. The desorption of a molecule from a
surface is an activated process,i .e., the molecule needs to overcome an energy barrier to leave






Where Ed is the activation energy to desorption,Θ is the adsorbate coverage, ν is a frequency
factor and n is the Kinetic desorption order (n=1 indicates a simple desorption process). If Ed
is larger or ν is smaller, the desorption peak shifts to higher T. There are different procedures
to evaluate the activation energy from TDS spectra. Especial and simple is the Redhead
analysis in which the activation energy can be derived by a simple relation between Ed , ν and
Tmax . Redhead assumed that activation parameters are independent of surface coverage and
that desorption followed 1st order kinetics (n=1). According to Redhead’s equation151:
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ΘmaxβH − ln Ed
RTmax
(4.3)
Where Tmax andΘmax are values at desorption peak maximum. Using Redhead’s approxima-





Where Ed is given in kJ/mol and Tmax in Kelvin. ln
Ed
RTmax
is relatively small compared with the
ﬁrst part and is estimated to be 3.64. For 108 < ν1β < 10
13 K−1, the error introduced through this
estimate is less than 1.5 %. More accurate, but more complex are analyses such as the ones
described by King149 or by Bauer.152
The measurement of the partial pressures of the desorbing molecules is done with a mass spec-
trometer, which senses the mass to charge ratio (m/z) of the molecule. For the measurements
undertaken in this work, a quadrupole mass spectrometer was used. Since TDS is sensitive
to the mass of the molecule, the process gives direct information about what is desorbing
from the surface. In addition, TDS gives information about lateral interactions between ad-
sorbates on the surface which is known as the kinetics of desorption. This is done by giving a
quantitative measure of the dependence on coverage of the desorption energy. The number
of desorbing particles depends on the rate of desorption which increases constantly with T
and the number of adsorbed particles which decreases steadily with T. Because the adsorbates
may interact with each other, the effective particle-surface interaction potential is in general
coverage dependent, so that also the desorption barrier is coverage dependent. For example,
Figure 4.3 displays TDS curves of hydrogen on W(100) showing two desorbing states that
depend on the reaction order n (β1 is a ﬁrst order desorption and β2 is a second order). Each
curve corresponds to a different initial coverage.13 The inset of the ﬁgure presents an example
of a typical zero-order desorption kinetics observed in thick layer when supply of molecules is
inﬁnite.
There is a range of techniques for studying surface reactions and molecular adsorption on
surfaces which utilize temperature-programming such as TPR (Temperature Programmed
Reaction). However, there is no substantive difference between TPR and TDS. The basics
of TPR are very simple, involving adsorption of one or more molecular species onto the
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Figure 4.3 – Thermal desorption curves of H on W(100) showing β1 and β2 states. The inset
shows a zero-order desorption kinetic. Adapted from Ref.13
sample surface at low temperature (frequently 300 K, but sometimes sub-ambient). Afterward,
the sample is heated in a controlled manner (preferably a linear temperature ramp) while
monitoring the evolution of species from the surface.
4.2 Scanning tunneling microscopy (STM)
The STM invented by Binnig and Rohrer in 198117 is widely used nowadays, both in industry
and part of basic research, as it allows the study of surfaces at the atomic scale. Its ability
to provide a dimensional representation of the sample classiﬁes it among the methods of
choice for the characterization of roughness, the observation of surface defects and the
determination of the size and conformation of the molecules or other adsorbates present in
nature or purposely deposited on supports. It is a local probe analysis method. Unlike methods
such as helium diffusion, or other ion scattering spectroscopy (ISS), which give information
averaged over a surface, the scanning tunneling microscopy allows to locally discriminate
the surface at the atomic scale. In this thesis the STM is used to analyze the model catalyst
morphology.
4.2.1 Operational principle
The operation of a scanning tunneling microscope is brieﬂy shown in Figure 4.4. The probe
used is a metallic tip which is positioned at a distance d of few angstroms from a conducting or
semiconducting surface. At this distance, and when a potential difference is applied between
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Figure 4.4 – Diagram reassuming the STM working principle. A metallic tip is placed close to
the sample surface (usually between 5 and 10 Å). The tip is moved on the plane parallel to the
surface by a piezoelectric crystal. A bias is applied between the sample and the tip and the
tunneling current is measured. As the tip moves across the surface a feedback system changes
its vertical position in order to keep the tunneling current constant. The tip vertical position,
as a function of its x-y plane position, is used to produce a map of the surface that is visualized
on a computer.
the tip and the sample, a tunnel current It in the order of nA or less can be established between
the tip and the surface. This current, strongly, depends on the distance d. A mechanical system
moves the tip parallel to the surface (x, y) and perpendicularly along the z axis. In the mode of
the most common operation, a control loop measures the tunneling current It and adjusts z
so as to keep It constant. The z value is related to the topography and the electronic structure
of the surface. The z (x, y) function corresponds to an image of the surface. This phenomenon
of a non-contact current, in contradiction with obvious classical mechanics, is a beautiful
application of quantum physics. STM in the constant current mode was, always, used in this
work.
4.2.2 Tunneling effect
When two surfaces are sufﬁciently close to one another, the electronic orbitals overlap and a
ﬂow of electrons is established through the potential barrier of an electrode towards the other
and vice versa, resulting in a zero net current. If a potential difference is applied, the balance
is upset and a tunnel current appears. The predominant model of the tunneling current in
STM is based on Bardeen theory formulated in 1961.153 The concept is to consider that the
small overlap of the tip and the surface particles wave functions could be treated by ﬁrst order
perturbation theory. On this basis, Tersoff and Hamann have developed a simple theory in
which the STM tip is assumed metallic and has such form that can be simulated to an s type
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Figure 4.5 – Electronic structure of the tip and sample with a negative and positive bias
applied to the sample. The length of the arrows going between the tip and sample indicates
the contribution to the net current of different electronic states. The states close to the fermi
level contribute the most to the current since electrons have to overcome a smaller barrier.
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atomic orbital with a characteristic radius R and density of states ρtip(E f ) at the Fermi energy
E f .
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By applying a potential V, a net electron ﬂow is induced. The tunneling current takes then the
relatively simple form:
I (V )=V ρtip(E f )ρsample(r0,E f ) (4.5)
where ρsample(r0,E f ) is the sample density of states taken at r0 (the central position of the tip). It
is interesting to note that the tunneling current provides a direct measure of the electronic
density of states at the Fermi level. It does not provide a direct image of the atoms. However,
this current also depends on the tip density of state. This value is, unfortunately, never exactly
known because it is speciﬁc to each tip. As a ﬁrst approximation, one can consider that the
surface state wave functions decrease exponentially in vacuum with an effective length equal
to 1/k e f f :




+ ∣∣kpar ∣∣2 (4.6)
where me is the electrons effective mass, kpar is the wave vector parallel to the tunneling
electrons and B the barrier potential. B is dependent of sample and tip work function (Φs ,Φt )
and the applied voltage (V). The tunnel current between the tip and the sample will be in the
following form:
It = e−2ke f f z (4.7)
This term reﬂects an exponential variation of the tunneling current which will have important
consequences experimentally. The slightest variation in tip-sample distance induces a strong
modiﬁcation in the current value. For instance, the tip-sample distance should be controlled
very accurately (typically at 0.015 nm). The simplest adaptation of the previous model gives
the term of the following tunneling current:
It =
E f ,t i p+eV∫
E f ,t i p
ρtip(E)ρsample(E +eV )T (E ,V )dE (4.8)
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T (E , V) is the transmission coefﬁcient which depends on the electron energy and applied
voltage. The tunneling current is the product of the electronic density of states of the tip and
the sample for which the energy is between EF and (EF + eV) (see Fig. 4.5).
4.2.3 Details of our STM
The scanning tunneling microscope used in the context of this thesis is a custom made
previously developed in our group.4,14,155 It is enclosed in UHV and employs a double bath
cryostat, allowing us to work at 4 K or at 80 K, as well as at room temperature. All Along
this thesis, STM measurements were done at 80 K. A cut view of the STM device is shown in
Figure 4.6. To achieve atomic resolution, the STM must be provided with a system capable of
reducing the external perturbations in order to obtain good stability in the tunnel junction. For
this, our STM block is suspended by three long springs connected at the top of the chamber
(including additional eddy current dampers). The only other mechanical contacts between the
STM and the rest of the chamber are very thin gold wires for electrical and thermal contacts. To
avoid vibrations due to the boiling of the nitrogen liquid contained in the outside cryostat, it
is possible to pump gas into the cryostat to solidify nitrogen. For mechanical isolation, the
chamber is mounted on rails, in order to isolate it from the rest of the installation. For the
same reason, the chamber is placed on a concrete table (1600 kg) supported by four Newport
feet I-2000 pneumatic feets. A laminar air ﬂow through the feets isolates and stabilizes the
table. On the STM block, shown in Figure 4.6, are placed the positioning system and the
sample holder. The sample is supported by a drawer that is positioned on top of three shear
piezoceramic motors. It is possible to move the drawer in the plane perpendicular to the STM
tip, and therefore to select the surface area that will be imaged. A spring clamp system is used
to secure the sample ﬁrmly against the block when one wishes to take measurements, while a
pneumatic piston can release it to withdraw the sample off.
4.2.4 Tip preparation
A tungsten wire of a 0.25 mm diameter was etched with a 2 molar electrolytic solution of
NaOH. As shown in Figure 4.7, the solution forms a membrane inside a silver ring elec-
trode. The wire passes through this membrane and is etched when an electric potential is
applied between the wire itself and the silver electrode. The tungsten reacts with sodium
hydroxide and water producing water-soluble tungstate and hydrogen following the reaction:
W (s)+2OH−+2H2O →WO2−4 +3H2(g ) (4.9)
A dc voltage, between 10 and 15 V, is used for electrochemical etching. As the etching proceeds,
chemical reaction reduces the diameter of that portion of the tip wire that is restricted to being
within the electrolyte. When the tensile strength of the etched region of the metallic wire fails
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Figure 4.6 – (a) Cut view of the STM block and (b) photo of the system outside the vacuum
chamber and (c) a detailed view of the sample-holder and piezo stack for the sample macro-
scopic displacement. Adapted from Ref.14
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Figure 4.7 – Diagram of the setup for the tip preparation. Adapted from Ref.4
to counteract the gravitational pull of the lower part of the tip, the lower part drops off. In
this arrangement, as soon as dropping off occurs, the circuit is switched off and the etching
process terminates. This is the usual ﬂoating-layer technique of electrochemical etching. The
great majority of the tips produced this way give immediately atomic resolution images.
4.3 Cluster production and deposition
Clusters are produced by sputtering from a CORDIS (Cold Reﬂex Discharge Ion Source) ion
source which generates a 20 keV rare gas ion beam.89 The source is represented in Fig-
ure 4.8. Rare gas ions are produced in a plasma and accelerated onto the metal target by
a potential difference of 20 keV. The typical measured plasma current is on the order of a
few amperes. Neutral and charged clusters (among others) are ejected from the metal. Those
charged are directed and focused by a system of electrostatic lenses into a Bessel Box. Only
particles having a certain energy and mass emerge from this box which, therefore, acts as a
barrier for neutral particles and an energy ﬁlter as well. The ﬁltered ions are directed through a
quadrupole into the deposition chamber. This quadrupole serves as a guide and mass selector
for particles of mass M. The quadrupole is formed by four parallel metal cylinders whose
radius is deﬁned by the inner and the outer diameter by a ratio of 1.15. The cylinders are
electrically connected two by two and are powered by an opposite DC and AC voltage. Only the
particles of a deﬁned ratio Q/M have a stable trajectory and can be guided into the deposition
chamber. A mass spectra of platinum and iron clusters used in the present work and produced
by this cluster source are shown in Figure 4.9. The ﬁrst small peak visible from the left is due
to Kr ions. At the exit of the quadrupole, the particles therefore have a deﬁned kinetic energy,
charge and mass. A potential applied to the sample slows down or accelerates the clusters so
that they land on the surface with the desired kinetic energy. The coverage is determined by
the beam current density and the deposition time. A faraday cup positioned in the deposition
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Figure 4.8 – Schematic view of the size selected cluster source. Adapted from Ref.14
4.4 Sample and sample holder
Rh(111) single crystals, with a polished (111) surface, have been purchased from Mateck
GmbH Corporation in the shape shown in Figure 4.10, where the exposed (111) surface is
0.39 cm2. The sample holder consists of two parts made of molybdenum, the block and the
cover that are welded together with Ta stripes. The block is cylindrical and has two small
cavities which allow it to be positioned and attached into the manipulator. An opening allows
the heating ﬁlament to be positioned close to the surface. The thermocouple is inserted into
a hole on the back of the sample and a good thermal contact is guaranteed by gluing the
thermocouple and the sample with AREMCO ULTRA-TEMP 516 glue. The sample is clamped
to the cover by a Ta sheet.
4.5 Experimental procedure
This section gives the experimental procedure of manipulations performed in the UHV sys-
tems combining a size selected cluster source, STM and a UHV compatible reactor, already
described in this chapter.
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Figure 4.9 – Mass spectra obtained by the bombardment of a Fe and Pt targets by the Kr+ at 20
keV.




In all pursuing chapters, the h-BN layer was grown on Rh(111) by following the standard
procedure as reported in literature.156 Clean Rh(111) surface was prepared in UHV by Ar+
sputtering (1 kV, 1.5 μA, 300 K, 3 h) and ﬂashing to 1250 K. The h-BN was grown by thermal
decomposition of 50 L (1L = 1.33×10−6 mbar×s) of borazine (HBNH)3 on Rh(111) kept at
1150 K. Borazine was stored under dry ice at all times except when charging the gas line. The
cleanliness of the sample was examined with STM after each preparation.
4.5.2 Clusters deposition
In chapter 5, mass selected Pt7 clusters were deposited at room temperature on the prepared
h-BN layer, using a retardative voltage on the sample, with a kinetic energy of 1.2 eV/atom. This
energy assures soft landing conditions and prevents unwanted processes such as fragmenta-
tion and implantation. Platinum target was sputtered by 20 keV Kr+ ions in the cluster source,
the extracted cations are mass selected by the quadruple and then directed to the sample.
In chapter 6, energetic deposition of mass selected Pt7 on h-BN/Rh(111) was achieved, per-
pendicularly to the prepared h-BN layer with a well-deﬁned kinetic energies at 30, 60, 100, 170,
314 and 416 eV/atom at room temperature.
In chapter 7, energetic deposition of mass selected Pt7 on h-BN/Rh(111) was performed at Ek
= 170 eV/atom at room temperature.
In chapter 8, mass selected Fe3 clusters were deposited at 100 K on h-BN/Rh(111) with a
kinetic energy of 1.2 eV/atom.
Through all the experiments, the initial deposited clusters density on h-BN/Rh(111) surface
was 0.2 % ML. The coverage given in ML (1ML is equal to 1.7×1015 atom/cm2 of the Rh(111)
atomic density) is estimated from the cations current, measured with faraday cup, and the
deposition time.
4.5.3 STM imaging
STM is the main investigation tool for studying stability and morphology of the clusters. The
STM images were taken, in constant current mode at Vt = -1 V and It = 100 pA at a temperature
of 80 K, at every stage of the experiments ,i .e., before and after cluster deposition, after gas
exposure and after annealing except if otherwise speciﬁed.
4.5.4 Catalytic reaction
In chapter 5, COoxidationwas studied using alternating 13C16O and 18O2 pulses (at a frequency
of 0.2 Hz) on the Pt7/h-BN/Rh(111) catalyst as a function of temperature (100-700 K) using a
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heating rate at 1.5 K/s. It should be noticed that the use of the isotopic gas allows to distinguish
the product from any residual CO2 in the background. At the same time, 13C18O16O resulting
from the reaction was captured and analyzed by means of the quadruple mass spectrometer
combined in the sniffer. This enables us to study the reaction dynamics as a function of the
sample temperature. The time duration between two consecutive pulses was 5 s.
In chapter 5, 6 and 7, CO binding to Pt is monitored using TDS of 13C16O isotopic gas as a
function of temperature (100-600 K) using a heating rate at 1.5 K/s.
For ammonia synthesis (chapter 8), dissociated 15N was reacted with H to form NH3. Tem-
perature programed reaction (TPR) was performed by dosing the surface with 30N2 at low
temperature under continuous hydrogen steady ﬂow then heating within a range of 100 to 800
K at a rate of 1.5 K/s.
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5 Pt7 on h-BN/Rh(111): Stability and
catalytic activity for CO oxidation
CO oxidation reaction on transition metals, especially on Pt, is an important model reaction
which has been widely studied. In this chapter, the stability and catalytic activity of supported
Pt7 clusters on h-BN/Rh(111) were experimentally studied for CO oxidation. The catalyst
stability was investigated before and after the reaction using STM, and the catalytic activity was
studied by means of TDS and TPR. It was found that annealing under reaction gas promotes
catalyst intercalation under h-BN at 700 K while the intercalation can, only, occur at 900 K
in the case where the Pt clusters are not exposed to the reaction gas. A high catalytic activity
was observed when the catalyst remains supported on h-BN. In this case, the reaction started
at 480 K. Below this temperature, the catalyst was completely poisoned by CO. The catalytic
activity was strongly reduced when the Pt clusters undergo partial intercalation, because
at relatively low pressure, the CO adsorption on Pt is screened by h-BN. Nevertheless, the
reaction can start at only 380 K, revealing a reduction by 100 K in the Pt poisoning as a result
of substrate effect.
5.1 Introduction
Catalysis is a broad and pioneer ﬁeld of research nowadays. Its applications range into a
variety of industrial chemical areas which all together cover a world annual trade of about
10 billion US dollars. In order to increase the beneﬁts, costs as well as efﬁciency should be
improved. While the cost requires an appropriate low material consumption, efﬁciency relies
on technological advancement and state of the art catalyst engineering. The chemical reactions
of interest employ, in general, high cost materials. For example, car exhausts use expensive
elements such as Pt, Rh and Pd to oxidize CO, NOx and hydrocarbons. Therefore, material
downsizing or new efﬁcient catalyst substitution would emphasize the trends for cheap
catalyst production. Catalysis is a very complex process. So, to understand the behavior of
real catalysts, well-deﬁned models have to be elaborated and investigated in order to simplify
the reaction mechanisms. Model catalysts consisting of small supported clusters prepared in
high-vacuum and approaching the ideal catalyst, have attracted a lot of interest due to their
high catalytic efﬁciency with respect to their size. Clusters that contain only a small number of
57
Chapter 5. Pt7 on h-BN/Rh(111): Stability and catalytic activity for CO oxidation
atoms can exhibit a range of fascinating properties, which are of signiﬁcant interest in catalysis,
due to a variety of factors including their very high ratio of surface-to-bulk atoms,157 electronic
structure, geometry, as well as their interaction with their support.158 It has been shown that
low-coordinated, unsaturated atoms often function as active sites.159 So downsizing metal
nanoparticles to subnanometre clusters or even single atoms could signiﬁcantly enhance
their catalytic activity and/or selectivity160–164 while substantially lowering their price as
a result of signiﬁcant reduction of metal consumption. However, the high number of low
coordination sites and mobility of clusters also signiﬁcantly destabilize such particles and
makes them prone to ripening.165 Stability which is a major concern in cluster science is
believed to be a key factor determining the reactivity of heterogeneous catalysts.166 The main
processes resulting from the instability of the small clusters are dissociation, intercalation
and ripening.167 This latter process is the most common for catalyst instability and in most
cases it is driven at elevated temperature.165 The tendency of sub-nanoparticles to grow into
larger clusters results in speciﬁc surface area reduction and may block the active sites of the
catalyst.168
For efﬁcient catalytic activity, noble-metals are usually used and should be ﬁnely dispersed
on a support.160 Methods for producing and soft landing size-selected clusters on supports
are now well established. However, testing these clusters under realistic reaction conditions
is challenging, requiring supports on which they remain stable.157 High thermal stability,
chemical inertness and mechanical strength contribute to a better choice of a suitable catalyst
support. Nevertheless, it should be recognized that, even for metal particles of the same size,
the support can strongly affect the intrinsic activity and selectivity of catalysts.169–172 Therefore,
investigation of supported cluster stability and reactivity is among the important challenges
in heterogeneous catalysis. In this experiment we studied the CO oxidation and the thermal
stability of mass selected and soft landed Pt7 supported on h-BN/Rh(111), correlating the
catalytic reactivity to the catalyst stability before and after the reaction. It should be noted that,
CO oxidation on noble metal atoms supported on an h-BN surface has been, mainly, studied
theoretically173–176 and the inherent catalytic activity of smaller platinum clusters has not yet
been elucidated. Although, doping h-BN with metals has also proven to be efﬁcient in the
catalytic conversion of CO to CO2,177 it has not been yet demonstrated experimentally that
an h-BN monolayer, can be functionalized with Pt clusters in a uniform manner required for
effective catalysis.
5.2 Results and discussion
5.2.1 Pt7 supported on h-BN
AS a reference, Figure 5.1a visualizes a clean h-BN supported on Rh(111), the mismatch as
well as the interaction between the 12×12 Rh(111) and the 13×13 top h-BN layer results in a
corrugation with a periodicity of 3 nm and modulation height of 0.8 Å, close to what is reported
in literature.117 For more details on supported h-BN structure, the reader is referred to chap-
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Figure 5.1 – Overview STM images of a) clean h-BN/Rh(111) showing the well-ordered honey
comb structure with a periodicity of 3 nm and a corrugation height of 0.8 Å. b) Pt soft landing
deposition at 1.2 eV/atom, showing white protrusions. The insets are magniﬁed regions of the
corresponding surface. The line proﬁle is taken across the hole shown as an inset.
ter 3. The observed large terraces are separated by a monoatomic steps of 2.3 Å height. This
value is very close to the Rh(111) monoatomic step height which can be calculated by the the-
oretical lattice constant of bulk rhodium according to h = 1/

3 a = 2.2 Å (a = 0.383 nm). Some
areas in h-BN display less perfect honey comb structures, especially on the wires. This is
due to the fact that these weakly bound regions of h-BN are very sensitive to the STM tip
distortion. Also, randomly distributed holes with different sizes are visible on h-BN. These
defects are induced by sputtering damage during Rh(111) preparation which were not healed
due to an insufﬁcient temperature ﬂashing. More interestingly is that the borazine gas was
able to access these holes and forms h-BN as indicated in the 3D STM inset at the right corner
in Figure 5.1a.
The STM topography in Figure 5.1b displays mass selected and soft landed Pt7+ clusters,
deposited with Ek = 1.2 eV/atom on h-BN/Rh(111) at room temperature, as bright protrusions
sitting mainly at the h-BN edge depressions in a random distribution. It is expected that
the Pt clusters stand more precisely on the rim of the h-BN depressions.32 Thus, at room
temperature a deposited Pt cluster can easily diffuse across the surface until it becomes
trapped in a depression. The ability of the h-BN depressions to trap small metal clusters is a
result of strong covalent interaction between metal-boron (M-B) atoms where h-BN is close to
the (fcc,top) conﬁguration on Rh(111).30
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Figure 5.2 – STM images of Pt7 clusters on h-BN/Rh(111) showing surface distribution and
morphology: as deposited at 300 K (a), after annealing to 500 K (b), 600 K (c), 700 K (d), 800 K
(e) and 900 K (f). The highly regular honey-comb structure refers to h-BN/Rh(111) and the
bright like-protrusions to Pt clusters on top of it. Imaging was done with: Vt = -1 V and It = 100
pA.
5.2.2 Pt7 stability
The STM images in Figure 5.2 show the evolution of Pt7/h-BN/Rh(111) catalyst after annealing
to different temperatures. The Pt clusters were deposited at 300 K with a density of 0.2 % ML
(1.7x1015 cm−2 with respect to the density of the Rh(111) unit cell) followed by successive
annealing up to 900 K in steps of 100 K. In order to predict the structure of our adsorbed Pt
clusters on the h-BN, apparent height histograms were extracted from each STM image and
compared. The apparent height in conjunction with the cluster density evolution as a function
of temperature allow us to have an insight on the stability of the Pt7 clusters on the h-BN.
The histograms of the cluster height for different annealing temperatures are shown in Fig-
ure 5.5a, where one can observe, at 300 K, a narrow size distribution around 3.2 Å (relative
to the bottom of a depression) which corresponds roughly to the diameter of one platinum
atom (or one monoatomic step height in Pt(111)). A similar value has been found for a ﬂat Pt7
on TiO2.178 Evidently, the clusters do not undergo fragmentation or agglomeration since our
initial density distribution at 300 K is the same as that estimated from the cluster deposition
current. The limited Pt cluster diffusion, at room temperature, on h-BN/Rh(111) suggests their
pinning on the surface. This could be attributed to stabilization via the h-BN intrinsic lattice
defects or anchoring on speciﬁc sites of the moiré pattern. The difference in the work function
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of the wires and the depressions accounts for a barrier energy as high as 0.5 eV for species
hosted inside the h-BN depressions. It seems that this barrier is enough to keep the Pt clusters
trapped, prohibiting their spreading and agglomeration. According to the measured apparent
height, we can conclude that the Pt7 clusters are in planar conﬁguration in contradiction to
DFT calculation which predicts that the most stable conﬁgurations of Ptn clusters on various
free-standing h-BN sheets establish 3D conﬁguration.29 The 2D growth mode could be a result
of anchoring the Pt cluster to the h-BN defects. Owing to their inertness, the 2D honeycomb
structures with strong covalent bonds maintain relatively low surface energy compared to
other solid chemical elements. For example at room temperature, the surface free energy of
graphene is reported to be 46.7 mJ/m2.179 This energy value is considerably smaller than that
of transition metal particles, e.g ., 2.69 J/m2 for Pt and 2.94 J/m2 for Fe.180 Therefore, the Pt
clusters should form 3D clusters at room temperature. However, in the case of h-BN/Rh(111),
one can imagine that adsorption of Pt on the h-BN defects provide certain conﬁnement effect
to limit the cluster growing vertically in the case of small cluster size.
From the histograms and the coverage evolution shown in Figure 5.5a and c, with the tem-
perature going up, one can see that the cluster density decreases, dropping from 0.2 % ML to
0.05 % ML at the end of the annealing. At the same time, a second peak around 5.2 Å increases
simultaneously with no shift in the initial size until 700 K, which indicates a Smoluchowski
ripening process. However, a signiﬁcant broadening of the apparent height distribution is
observed at 800 K, and the corresponding STM images show very few large particles distributed
on the surface. Smoluchowski ripening strongly depends on the cluster size and density on the
substrate. Decreasing the cluster size leads to an increase in the average inter-cluster distances,
thus, promoting M-M over M-Substrate binding.181 On the other hand, as the temperature
reaches 900 K, the STM image shows the intercalated Pt as large ﬂake-like features with an ap-
parent height of 2.2 Å. The Pt particles can undergo intercalation in which the cluster adatoms
detach and diffuse under h-BN, most probably, through the wires as they host high defects
density acting as gates to intercalation. The spacing between h-BN and Rh(111) is relatively
more larger than the spacing between atoms within h-BN layer plane (1.44 Å). This means
that the hexagonal boron nitride, should be able to accommodate intercalated elements or
compounds including Pt. This is typical for the h-BN supports where other systems show
similar behavior; for example, Au and Co have been found to intercalate already at room tem-
perature.182,183 Using the truncated sphere model, one can estimate the cluster size evolution
with temperature. The particle diameter is expressed as D = 2rwN1/3, where D is the cluster
diameter expressed by the height of the supported clusters, N is the number of atoms in the
cluster, rw = 1.57 Å is the Platinum Wigner-Seitz radius. Table 5.1 contains the estimated cluster
size evolution with respect to their STM apparent height. Since the measured height for a ﬂat
Pt7 or one Pt atom is 3.2 Å, thus, for a bilayer cluster, the height should be given approximately
by D = 3.2 x 2 = 6.4 Å, whereas, the measured apparent height is, only, 5.2 Å. Therefore, in order
to estimate more accurately the number of atoms in the supposed spherical clusters, one
should correct the above formula by adding 1.2 Å to D for each measurement corresponding
to a 3D structure. Accordingly, table 5.1 can be obtained.
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measured height calculated size corrected height corrected size structure
[Å] [atom/cluster] [Å] [atom/cluster]
3.2 1 3.2 7 2D layer
5.2 5 6.4 9 3D layer
8.2 18 9.4 27 3D layer
12 56 13 74 3D layer
Table 5.1 – Calculated cluster size, using the truncated sphere model of Pt7 with respect to
their apparent height.
The stability of cluster-surface systems is still strongly debated. Studies which address the
question whether the catalyst keeps its initial structure during reaction or not are sparse. Our
experiment allows us to check the catalyst morphology before and after the reaction. In this
context, we show how the reaction gas has a signiﬁcant inﬂuence on the cluster stability. We
started with a fresh Pt7/h-BN/Rh(111) catalyst deposited at room temperature (Fig. 5.4a)
under soft landing conditions. Afterwards, we performed a catalytic reaction by exposing the
surface to alternating CO and O2 pulses while increasing the surface temperature up to 700
K. Exposing the deposited clusters to the CO reaction gas induces a change in the cluster size
and distribution as shown in Figure 5.4b. The clusters become bigger (in height as well as
width) and less abundant. To further illustrate the effect of the gas on the cluster stability, the
sample, at the end of the reaction, was kept at 700 K for 5 min while simultaneously exposing
the surface to 60 L of CO impinging pulses. Then, the intercalation was found to be more
pronounced and only few large clusters, appearing as bright protrusions, remain above the
h-BN layer as shown in Figure 5.4c. The intercalated species are imaged as large ﬂake-like
features. Figure 5.4e (a zoom of the depicted region in Figure 5.4c) shows the intercalated and
non intercalated Pt clusters as well as their respective schematic presentation. The line proﬁle
taken across the two distinct features reveals a decrease in the apparent height from 8.2 Å in
the case of the non intercalated cluster to 2.2 Å in the case of the intercalated one, as shown in
Figure 5.4d.
The corresponding apparent height histogram, in Figure 5.5b, shows clearly the evolution
of the cluster initial state from a well-deﬁned peak situated at 3.2 Å, for the as deposited
clusters at 300 K, to a broad peak showing variant distribution between 2.2A˚ and 3.2 Å after
annealing to 700 K under gas reaction. Moreover, one can clearly observe a second peak at
5.2 Å, which is reminiscent to a monolayer to bilayer cluster transition. The ﬁrst broad peak is
a combination between a monolayer cluster and intercalated Pt adatoms, as the 2.2 Å refers
to the intercalation height observed before in Figure. 5.2f. Consequently, the Pt clusters not
only undergo coarsening but also partial intercalation as well. It should be noted that the
intercalation in pure temperature activated processes starts at 900 K but when combined
with gas exposure it initiates at 700 K. Thereby, the stability is clearly affected by the chemical
reaction which promotes intercalation. Gerbert et al. investigated the stability of Pt clusters
supported on graphene/Ir(111) under CO exposure. They found that small clusters containing
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Figure 5.3 – Structural model of Pt1-CO/Fe3O4(001). (a) adsorption conﬁguration of (Pt1) on
the Feoct rows in between surface O atoms. (b) Upon adsorption of CO, the Pt adatom is lifted
up and shifts perpendicular to the Fe rows to an off-centered position. Adapted from Ref.15
fewer than 10 atoms were unstable upon CO adsorption and they grow through Smoluchowski
ripening, while bigger clusters remained immobile upon CO adsorption but became more
three-dimensional.184 COoxidation is an exothermic reactionwhich stimulates energy transfer
to the surrounding catalysts. It seems that the barrier induced by h-BN corrugation is somehow
reduced upon Pt-CO binding, opening easy access to cluster ripening and intercalation. This
phenomenon may be attributed to the skyhook effect (Fig. 5.3), in which ripening is promoted
by cluster-CO binding. Examples of this effect exist in the literatures.184
For example, it has been shown that the interaction between catalytically active metal particles
and reactant gases depends strongly on the particle size, particularly in the subnanometer
regime where the addition of just one atom can induce substantial changes in the stability
of Pt adatoms on Fe3O4(001) surface.15 The results showed that carbon monoxide plays a
role in the coarsening of highly stable Pt atoms on a Fe3O4(001) support (Fig. 5.3a): CO
adsorption weakens the adatom-support interaction inducing mobility. The Pt adatom is lifted
up by almost 1.3 Å away from the surface plane, and shifted perpendicular to the surface
(Fig. 5.3b). This would promote its surface mobility.
5.2.3 CO oxidation reaction
In order to investigatewhether the Pt clusters are catalytically active for COoxidation or not, we
performed CO TDS by dosing 20 L of the respective gas at 100 K onto Pt7/h-BN/Rh(111) surface
as well as onto Pt27<x<74/h-BN/Rh(111) that has undergone partial intercalation, followed
by annealing to 600 K until the desorption ceased. The reactants desorption as a function of
temperature is a necessary but not sufﬁcient condition for the reaction to occur. Basically, one
would like to exclude any contribution of the support to the reaction. For this reason, the CO
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Figure 5.4 – STM images of Pt7 clusters on h-BN/Rh(111) showing surface distribution and
morphology of the clusters exposed to CO oxidation reaction condition , i .e., exposed to CO
and O2 between 130 to 700 K: (a) as deposited at 300 K, (b) after reaction, (c) after exposing
the sample in (a) to 60 L of CO at 700 K for 5 min. (d) cross-sectional apparent height along
the indicated black lines in image (e) of both supported and intercalated Pt with distinct
heights of 8.2 Å and 2.2 Å, respectively. (e) zoom in a region of the STM image (c) together with
a schematic view, showing the cluster morphology of intercalated and non-intercalated Pt
islands. Pt intercalation is more pronounced when exposed to the reaction conditions. Imaging
was done with: Vt = -1 V and I = 100 pA.
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TDSwas ﬁrst performed on a clean h-BN/Rh(111). The results are displayed in Figure 5.6. In the
case of the clean h-BN (Fig. 5.6a), the CO desorbs from the surface at 260 K with an activation
energy Ea = 0.7 eV estimated using equation 4.4 of chapter 4. As the coverage increases, the
temperature peak moves down to 230 K and increases in size. The CO desorption peaks
are attributed to the intrinsic defects present in the h-BN monolayer. The integration of
the desorption peak gives 1% ML of defect concentrations, considering an initial sticking
coefﬁcient of 1 and one defect holds one molecule. This indicates that the CO molecules are
unable to adsorb on the clean h-BN terraces, at least for the studied temperatures. In the case
of Pt7/h-BN/Rh(111), however, a broad peak extending from 300 to 600 K is obtained and is
reminiscent to CO desorption from the Pt cluster terraces at 400 K, with an activation energy
Ea = 1.1 eV, as well as from steps at 490 K with an activation energy Ea = 1.4 eV (Fig. 5.6b,
black line). The desorption from low coordinated Pt atoms is found to be dominant which
is a typical behavior that is encountered with small clusters. This result shows that contrary
to non-structured surface (, i .e., terraces), structured Pt surface presents stronger binding. A
third peak is observed at 330 K which, by analogy with Pt/TiO2,148 can be attributed to CO
desorbing from the Pt-(h-BN) perimeter sites such as edges of Pt clusters (or atoms) on h-BN. It
is worth to mention that these desorption temperatures are close to the reported values for Pt
on TiO2.148 The small desorption feature at lower temperatures, around 165 K, was found in
all our TDS experiments. It has been observed before185,186 and often ascribed to co-adsorbed
CO molecules on water (that resides in the background pressure) which can desorb during
water release.
Figure 5.6b (green curve) shows theCOTDSperformedon the samplewith the clusters partially
intercalated beneath h-BN and whose STM image is shown in Figure. 5.4c. The desorption
leads to a very small and broad peak centered at 400 K and shifted by almost 100 K compared
to the non-intercalated system. The low peak intensity is attributed to the quenching of CO
adsorption on the intercalated Pt because of h-BN which acts as a barrier against molecular
adsorption. Only few remaining clusters on the surface can contribute to the desorption. The
reduction in the CO desorption temperature is caused by the Pt intercalated species that
modify the intrinsic inﬂuence of the h-BN/Rh(111) support on the non intercalated Pt clusters
as a result of substrate effect and charge redistribution. A more detailed investigation on this
result will be reviewed in chapter 7.
The h-BN/Rh(111) surface is inert towards CO oxidation; that is what we show experimentally
in Figure 5.7a, where 0.2 L of Oxygen 18O2 (Red) is pulsed alternately with 0.1 L of 13C16O
(Black) onto the h-BN/Rh(111). The sample is slowly heated with a typical heating rate of
1 K/s, starting at T = 150 K. During the heating process, the signal of interest 13C18O16O
(green) is recorded with the mass spectrometer. No increase above the signal background was
monitored. We only observe a broad CO desorption peak located at 260 K, in agreement with
the above TDS of the clean h-BN (Fig. 5.6a). This ﬁnding deﬁes some DFT calculations which
predict that defected free standing h-BN can be catalytically active towards CO oxidation.187 It
should be noted that the sensitivity of the mass spectrometer provides a detection limit as low
as 1×108 molecules/cm2.s.
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Figure 5.5 – Pt7 stability on h-BN/Rh(111) showing ripening: (a) apparent height histogram
corresponding to the STM images in Figure 5.2, upon annealing between 300 and 900 K. (b)
apparent height histogram that corresponds to the STM images in Figure 5.4 upon exposing
to CO oxidation reaction conditions. (c) Pt7 density evolution under annealing and under
reaction gas exposure. Annealing as a function of temperature gives rise to a second peak at
5.2 Å accompanied with a decrease in the cluster density without any shift in the initial size
distribution (3.2 Å), indicating Smoluchowski ripening until intercalation beginning at 900
K. Exposing Pt to the reaction gas accelerates the intercalation process already at 700 K. MonoL
: Monolayer structure, BiL : Bilayer structure, MultiL : Multilayer structure, Int : Intercalated.
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Figure 5.6 – TDS after adsorption of 20 L of CO at 120 K on (a) clean h-BN/Rh(111) where CO
desorbs from defects at T = 260 K and shifts to 230 K at high coverage, (b) Pt/h-BN/Rh(111),
as deposited and after partial Pt intercalation of the sample imaged in Figure 2c. CO exhibits
3 desorption peaks at 330 K, 390 K and a dominant peak at 490 K. The peak appearing at
low temperature represents the desorption from coadsorbed water. TDS from the sample
experiencing partial Pt intercalation (green) is magniﬁed 12 × for better view.
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Figure 5.7 – (a) CO2 production (green) obtained on clean h-BN/Rh(111) upon dosing alter-
nating pulses of O2 (red) and CO (black) as a function of the sample temperature and time
(heating rate 1 K/s, pulse frequency 0.2 Hz). (b) CO2 production obtained on the sample whose
STM image is displayed in the inset (same conditions as in a). Red and blue colors refer to
the CO2 production synchronized with CO and O2 pulses, respectively. (c) CO2 production
obtained on the sample whose STM image is displayed in the inset and which presents in-
tercalated Pt under h-BN. This sample was kept for 5 min at 700 K while exposed to 60 L of
CO. The temperature of CO2 production is reduced by 100 K and the intensity is 20 fold lower.
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Figure 5.7b displays the CO2 production on the Pt7/h-BN/Rh(111) surface of the sample whose
STM image is shown in the inset, as a function of temperature. 13C16O and 18O2 were pulsed
alternately onto the surface while 47CO2 was recorded. The amount of the dosed O2 gas is
two fold higher than that of CO because the sticking probability of oxygen on Pt is a half
compared to CO. It is worthy to mention that, an increase in the O2/CO ratio should increase
the rate of CO oxidation on Pt-group metals.188 Three regions in the graph of Figure 5.7b need
to be commented. The region extending from 300 to 460 K is related to the CO poisoning
in which no CO2 production is recorded which is typically observed for Pt at low T. In this
case, the catalytic reaction depends on the balance between sites of occupation, where the
O2 active sites are blocked due to the CO saturation of the Pt surface at low temperature. This
saturation is a result of strong CO-Pt cluster binding. So, the desorption temperature depends
on the strength of the CO binding to the Pt atoms. This indicates that the catalytic reaction
follows a Langmuir-Hinshelwood mechanism where oxygen as well as CO has to adsorb on the
surface to enable the catalytic process via adsorption. As soon as the temperature increases,
CO starts to desorb leaving empty sites for O2 occupation and the ﬁrst CO2 signal starts to
rise. This latter (in blue) is synchronized with O2 pulses. The pulsed O2, then reacts instantly
with the abundant CO on the Pt surface. That is what is called the CO rich region. The region
above 520 K (Fig. 5.7b), known as O2 rich region, contains CO weakly bonded to the catalyst at
elevated temperature. Therein, the CO2 production is synchronized with the CO pulses (in
red) which reacts instantly with the abundant O2 on the Pt cluster surface. The maximum CO2
production is observed at 580 K in the oxygen rich regime and is estimated to 0.05 CO2 per
Pt atom, a slightly higher than that reported on the Pt clusters supported on TiO2 (0.03 CO2
per Pt atom).189 Above 580 K, the catalytic activity decreases because the temperature is too
high for the CO molecules to stay on the surface in the reaction time window. From this, it
can be concluded that the Pt clusters supported on h-BN/Rh(111) cannot be considered as
pseudo-free and that the support effect should be taken in consideration.
In Figure 5.7c, the CO2 production on the Pt27<x<74/h-BN/Rh(111) that has undergone partial
intercalation, and whose STM image is shown in the inset, shows a behavior similar to what is
observed for the non-intercalated Pt (Fig. 5.7b) but with very low intensities (by 20 fold). The
decrease in the intensity indicates that the intercalated Pt catalytic activity is quenched by
h-BN which acts as a barrier against gas adsorption under the present conditions of pressure
and temperature. Only few remaining clusters on the surface contribute to the reaction. In fact,
the screening behavior of the h-BN was recently reported for low gas pressure and high h-BN
coverage.190 Besides, we have performed in another experiment, presented in chapter 6, CO
adsorption and oxidation reaction on a fully intercalated Pt clusters in which no adsorption
or reaction was observed. The striking result here, with such few clusters on the h-BN, is that
the CO oxidation temperature is reduced by almost 100 K. The reaction starts at 375 K and the
poisoning is reduced as well. In fact, the Pt clusters are no longer supported by h-BN/Rh(111)
alone but by h-BN/Pt/Rh(111). This is supported by STM (inset of Figure 5.7c) in which most of
the non-intercalated Pt particles are located on top of the intercalated features. The maximum
CO2 production is observed at 490 K in the oxygen rich regime and is estimated to 0.02 CO2
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per deposited Pt atom. This is 2.5 fold less reactive than the non-intercalated Pt catalysts.
5.3 Conclusion
We reported on the stability and CO oxidation of Pt7 clusters supported on h-BN/Rh(111),
correlating the catalytic reactivity to the cluster stability and size before and after catalytic
reaction. We found that the Pt clusters undergo partial intercalation after being exposed to the
reaction gas, changing the catalytic behavior of the catalyst and reducing the reactivity due
to h-BN screening which acts as a barrier against molecule adsorption onto the intercalated
Pt. For the non-intercalated Pt clusters, the COoxidation reaction starts at 480 K and follows the
LH mechanism. For the Pt clusters that are adsorbed on the h-BN just above the intercalated
Pt, the onset reaction temperature is shifted by 100 K towards lower temperatures.
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6 Pt7 on h-BN/Rh(111): energetic depo-
sition and thermal stability
Supported small Pt clusters are effective as model catalysts for many catalytic reactions. The
support plays a determining role on the ﬁnal structure and reactivity of the catalyst. In this
chapter, we report on the cluster-surface interaction of Pt7 and h-BN/Rh(111), using STM and
TDS for measuring CO oxidation reaction. The h-BN monolayer, was irradiated by a Pt cluster
beam with kinetic energies Ek = 1.2 (soft landed), 30, 60, 100, 170, 314 and 416 eV/atom. The
results show that even irradiation at 30 eV/atom can lead to non thermal cluster intercala-
tion. The intercalated particles are found to settle under the h-BN wire sites above the Rh(111)
crystal with induced visual surface defects for Ek exceeding 100 eV/atom. Furthermore, we
studied the thermal stability of the intercalated Pt clusters for different annealing temperatures
and also under gas reaction,i .e., with exposing to CO and O2 gases. TDS was used as probing
technique to investigate the CO adsorption sites on the intercalated elements prior to CO
oxidation reaction. Annealing the irradiated samples can lead to Pt agglomeration and defects
healing. The platinum stay fully covered with h-BN which acts as a protective layer against CO
penetration and adsorption on the intercalated species under ultra high vacuum.
6.1 Introduction
Clusters made of few up to thousands atoms are used as models to understand the funda-
mentals of physics bridging the gap between the bulk and the atomic scale of materials. The
cluster-surface interaction depends on the cluster impinging kinetic energy. If this energy
exceeds the cohesive energy between the atoms, the clusters could disintegrate on impact
and the constituents become implanted, producing defects in the target. In the case of low
kinetic energy, the clusters should, only, be soft landed or pinned on the substrate. Ion implan-
tation is an effective and well developed tool for surface modiﬁcation and material process-
ing.191–194 The impact of the implantation depends on the material chemical and physical
properties and on the implant parameters such as ion beam energy, type of implant and ion
current density. Since its ﬁrst use by Yamada,195,196 cluster implantation is favored upon ion
beam implantation due to both low-energy and high-current features to meet small device
scale shrinking demand, in addition to the large amount of mass and energy density per
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single charge that can be transported.38,197 Energetic cluster irradiation is mainly used for
doping of shallow layers, dry etching, cleaning and surface smoothing. High atomic density
and low energy deposition at a local area are important characteristics of the irradiation by
cluster ions in which the penetration range is much shallower, and where displacements
remain tightly concentrated within the impact region at the target surface.198,199 An exclusive
cluster beam application range review can be found in ref.200 In this work, the material under
discussion interacting with the cluster beam is h-BN supported on Rh(111). The submerging of
supported 2D nanomaterials layers such as graphene and h-BN is tremendously promising as
these single layer structures exhibit novel and well established properties for many industrial
and research applications. Driven by heat or gas co-adsorption, intercalation and trapping
of variety of species (Co, Au, He, and H) beneath h-BN have been observed.119,201–203 The
related species penetrate, through defects, in between the h-BN and the support where they
stabilize. Intercalation, under high pressure, of small molecules (CO, O2, and H2O) on both
graphene and h-BN has, also, been observed.26,204,205 Intercalation can, interestingly, affect
the support properties in many ways. For example, Ge intercalation leads to decoupling
of graphene and h-BN from their metallic substrate and formation of quasi-free-standing
graphene and h-BN monolayers on Ge.206 Very recently, ion implantation was performed
on h-BN and graphene which leads to structural defects creation and ions intercalation. For
instance, projected Ar+ ions where found to be trapped beneath the wire crossings of h-BN
and stabilized at room temperature.11,141,142 Similarly, Rb ions penetrate the h-BN and settle
beneath the wires regions when accelerated with a 100 eV kinetic energy.12 Moreover, ions
implantation on h-BN can lead to local structural change from h-BN to c-BN (cubic boron
nitride phase) when bombarded with B ions.207 Irradiation of graphene/Ir(111) interface with
high energies (from 1 keV and up) results in the formation of line like depressions induced by
the ion channeling within the interface. However, lower energies result in simpler defects such
as vacancies.208 In this contribution, we extend those works by studying Pt7+ cluster impact
on h-BN/Rh(111) with various kinetic energies and using STM and CO TDS to investigate their
subsequent catalytic activity.
6.2 Results and discussion
6.2.1 Pt clusters-surface interaction
The h-BN surface was exposed to Pt7+ clusters with kinetic energies Ek = 30, 60, 100, 170, 314
and 416 eV/atom as shown in Figure 6.1a-f, respectively. The STM images show bright protru-
sions with an average apparent height of 2.2 Å located at the h-BN wire regions in contrast to
the soft landed Pt (upper inset of Fig. 6.1a) in which the clusters are sitting inside the h-BN
depressions with a nominal apparent height of 3.2 Å (see chapter 5). A similar phenomenon
has been observed for h-BN/Ar+/Rh(111)11,141 where the Ar ions penetrate the h-BN mono-
layer and stay underneath above the Rh(111) surface. For the mentioned kinetic energies,
the protrusions are located around the h-BN depressions, particularly where the wires are
crossing. The lodging of the Pt clusters under the h-BN can also be conﬁrmed from TDS mea-
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Figure 6.1 – Overview STM images of Pt7 clusters deposited on h-BN/Rh(111) at (a) 30 eV,
(b) 60 eV, (c) 100 eV, (d) 170 eV, (e) 416 eV/atom. The images show intercalation of Pt under
h-BN and its stabilization under the wire regions. Cavities (circled black points) induced by
the collision cascade in h-BN start to appear barely at 100 eV/atom and their density increases
with increasing the projectile energy. The green circles, in the inset of image (e), indicate the
protrusions that occupy the under depression zones Deposition temperature = 300 K, imaging
temperature = 80 K.
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Figure 6.2 – Analysis on Pt7 clusters after the impact, extracted from STM images, as a function
of clusters energy. (a) average apparent protrusions diameter. (b) density per h-BN unit cell
of visual induced defects (already targeted by black circles). (c) average counted protrusions
per 100 x 100 nm2. (d) schematic presentation of energetic Pt interaction with h-BN/Rh(111)
showing intercalation process and protrusion formation for Ek = 60 eV/atom as well as im-
plantation and sputtering for Ek = 416 eV/atom. w: wires, d: depressions, sp: sputtered and im
: implanted.
surement which shows only desorption from h-BN (as it will be shown hereafter). Therefore
we conclude that the h-BN shelters the metal clusters everywhere in Figure 6.1 where the
bright protrusions refer to the non thermal intercalated Pt and h-BN defects created during
impact.
The impacts of irradiated Pt7 clusters at 170, 314 and 416 eV/atom on the surface are visible in
Figure 6.1d-f where the STM images show the surface just after cluster bombardment. Cluster-
induced defects are visible as cavities randomly distributed over the whole surface (indicated
by black circles). For these energies, it is expected that the clusters get in contact with the
Rh(111) substrate as well. Exposing graphene/Ir(111) to energetic Xe+ or Ar+ beam leads to
formation of defects209 comparable to what is obtained in our experiment. The robust B-N
sigma bond, which is inert towards chemical attack, is a strong covalent bond with a short
bond length and a high bond dissociation energy of about 6 eV.210 It needs very high energetic
clusters to be broken. Accordingly, increasing the impact energy ampliﬁes the number of
defects on the surface which start to appear barely at 100 eV/atom and their number increases
from 1.2×10−5 ML to 1.2×10−4 ML at 416 eV/atom (Fig. 6.2c,f). These vacancies or cluster
defects are related to B and N knocked out during Pt cluster penetration. A glance at the
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protrusion density reveals that the coverage is twice higher when the energy is increased to 60
eV/atom compared to that of 30 eV/atom. This step-up in the density persists with increasing
the cluster energy which can be associated to cluster fragmentation after collision cascade with
h-BN and the underlying Rh substrate or/and contribution of ejected N and B defects. This
density was plotted in Fig. 6.2c and it monotonically increases as a function of the irradiation
energy until it declines again for Ek = 416 eV/atom. We can explain this decline by an increase
in the probability of detached B and N as well as Pt fragments being pushed beyond the
h-BN surface into Rh(111) and/or sputtering of BN species to the vacuum. Figure 6.2d gives
a schematic presentation of Pt7 interaction with h-BN/Rh(111) at 60 and 416 eV/atom. At
relatively lower energy, the clusters penetrate the h-BN layer ejecting, in their ways, BN species
which diffuse with the Pt beneath the h-BN to the wire regions forming the protrusions seen
in the STM. At relatively high energy (416 eV/atom), the cluster impact with h-BN induces
species intercalation into Rh(111) accompanied by B-N sputtering.
A close examination of the STM images in Figure. 6.1e,f reveals that some protrusions occupy
the under depression zones. The inset at the right upper corner of Figure. 6.1e displays some
of these protrusions (marked by green cirlces). It can be stated that, at room temperature,
when the deposition energy is relatively low, the Pt clusters do not stick to their impact sites
but move further beneath the surface before they get stabilized at their favorite sites (under
wire). Nevertheless, for Ek = 314 and 416 eV/atom, the impact energy is sufﬁciently high for
the clusters to get implanted into the substrate in such a way that leaves them restrained at
their landing sites (under depression). To further extend our analysis, the relation between
protrusion size and the cluster energy was investigated and is displayed in Figure 6.2b. As
a matter of fact, the apparent protrusion lateral size is found to increase with energy. This
growth in lateral size may be due to a continuous supply from N, B and Pt species since their
number should grow with impact energy. At the same time, no signiﬁcant increase in the
vertical size could be measured. One should take into consideration that supported h-BN is
not as uniform and regular as, for example, graphene, making it difﬁcult to clear up relatively
small height variation.
Figure 6.3 shows the STM images of the same samples whose images are shown in Figure 6.1,
after being exposed to CO and O2 gases from 150 K to 650 K in the context of performing CO
oxidation reaction. Two phenomena can be observed. First, the h-BN layer has undergone
rearrangements which facilitated the reconstruction after the damage. As it can be seen,
the cavity defects induced by collision with Ek > 100 eV/atoms disappeared after annealing
under gas reaction leaving behind an h-BN layer with no visual defects. The knocked-out
N and B atoms, trapped in the interlayer region after impact, should be able to recombine
easily. Recent studies209,211 have found that annealing the damaged sample to 1000 K can
restore the initial graphene lattice. Second, the number of protrusions, drastically, decreased
while their area increased, indicating that the aggregation of Pt under h-BN is much more
facile. This considerable decline in the protrusion population is a clear indication that a
large fraction of them is made of defects which disappear once annealed. In addition, the
intercalated species do not populate the sub wires locations only, but they gather, mainly,
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Figure 6.3 – Overview STM images of the samples whose images are shown in Figure 6.1, after
being exposed to catalytic reaction conditions. The images show agglomeration of intercalated
Pt under h-BN, and self-healing of cavities that were observed before. The protrusions are
barely found under the wire regions. Instead, most of them are now located under the h-BN
depressions.
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Figure 6.4 – CO TDS on intercalated Pt in h-BN/Rh(111) at various kinetic energies of the
samples presented in Figure 6.1 a, b, c, f, with CO TDS on clean h-BN and Pt/h-BN/Rh(111)
added for comparison. The dashed black line refers to COdesorbing from the sample irradiated
with Ek = 100 eV/atom and then annealed to 600 K under gas exposure.
under the depression regions and the nanostructure becomes lifted off which refers to a strong
agglomeration below the h-BN depressions. Moreover, we observe that not all the protrusions
are restrained to the depressions but some of them, relatively larger in size, expand also
under several h-BN unit cells and, sometimes, adopt the h-BN moiré with 2.2 Å apparent
height. These large protrusions are found to grow in number when the sample is further
annealed to higher temperatures as it will be shown later.
6.2.2 CO temperature desorption
Almost all the intercalated clusters, as shown in Figure 6.3, under the depression regions
present an average apparent height of 3.2 Å (see apparent height histogram in supporting
information (Fig. A.1)) which corresponds to that of a ﬂat Pt7 cluster sitting above the h-BN (as
seen in chapter 5). However, below the depressions, the h-BN is located at 2.2 to 2.5 Å above the
Rh(111) and interacts strongly with the Rh leaving no much space for deformation. This raises
the question whether the catalyst breaks again the sp2 bond and rebounds to the surface. To
elucidate this phenomenon, the CO TDS was used as a probe for monitoring the presence of
Pt above the h-BN surface. Figure 6.4 shows thermal desorption spectra related to the varying
deposition energies. It is found that the dosed CO, at a surface temperature as low as 150 K,
desorbs promptly at 250 K when the deposition energy is higher than 30 eV/atom. This value
lies at the same interval of the CO desorption temperature from the pristine h-BN/Rh(111)
where the maximum desorption occurs at 230 K. So, the observed desorption is linked to
the h-BN intrinsic defects formed during pyrolysis growth, more precisely from nitrogen
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vacancies.212,213 . Single nitrogen and boron vacancy (VN , VB ) defects can exist in h-BN with
VN more stable than VB .128 Thus, the VN vacancies are more likely to be observed than the
boron vacancies in coherence with experimental ﬁndings.214 Upon increasing the deposition
energy, a considerable enhancement of the desorption signal takes place. Besides, the main
peak splits gradually into 3 main peaks positioned at 210 K, 240 k and 260 K with an activation
energy Ea = 0.54, 0.64 and 0.69 eV, respectively. We attribute these values to the desorption
from B-vacancies (210 K), N-vacancies (240 k) and BN-vacancies (260 K). This is because
the defects induced by the clusters in h-BN increase with increasing the deposition energy
leading to much higher CO desorption fraction from these defects with nitrogen vacancies
being the dominant ones, which is consistent with the work of Jiménez et al. who found,
using ion bombardment, a large concentration of nitrogen type defects.207 When performing
CO desorption on the sample irradiated with Ek = 100 eV/atom and then annealed to 600
K under gas exposure, the desorption intensity is found smaller and the contribution of the
CO desorbing from BN vacancies predominates. This is expected, as annealing reduces the
density of single defects while the double vacancies become so abundant because B and N
diffuse and recombine easily in order to lower their total energy. Therefore, the disappearance
of the desorption peak at temperatures above 300 K, in the case when h-BN is irradiated with
Pt clusters before and after annealing (dashed black line), excludes the possibility that Pt is
laying above h-BN (see desorption from soft landed Pt on h-BN/Rh(111)). Thus, the h-BN
top layer acting as a barrier keeps the intercalated species trapped underneath even after
annealing. Accordingly, using accelerated Pt on a continuous h-BN layer supported on Rh(111)
as a catalyst should be considered inadequate for CO oxidation reaction. It should be noted
that no obvious effect of gas reaction on the Pt under h-BN was sensed.
6.2.3 Intercalation stability
Further annealing, without gas reaction, at 800 K was carried out to investigate the intercalated
Pt behavior under higher temperature. Figure 6.5 a-e display the STM images, for each deposi-
tion regime, after annealing at 800 K. The deposition energy does not seem to have an effect
on how the intercalated Pt behaves under high temperature. In all the cases, the Pt clusters
undergo a massive diffusion under the h-BN. Most of the Pt that were, previously, located
under the h-BN depressions randomly segregate under the depression and wire sites giving
rise to the formation of large intercalation areas. The step-height of these layers was found to
be 2.2 Å which, roughly, corresponds to that of a monoatomic Pt step. Gruber and coworkers,
also, reported a 2D growth mode for an epitaxial growth of Pt on the Rh(111) surface at 700
K. Therefore, we conclude that only 2D Pt structure is present under the h-BN. We propose here
that the above discussed protrusions with 3.2 Å are 3D Pt mold clusters which after annealing
at 800 K expand laterally adapting a 2D structure. However, it should be noticed, that some of
those protrusions with 3.2 Å conﬁned at the depression sites, survived the annealing. It can
be suggested that the conﬁnement and high stability of Pt under a non favorable site (under
depression) could be an effect of defect rearrangement. For instance, such defects induced by
Ar+ bombardment, when annealed, were found to assemble at the h-BN rims and get around
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Figure 6.5 – Overview STM images of intercalated Pt7 clusters under h-BN in the samples
whose STM images are given in Figure 6.3, after annealing at 800 K (a-e). The intercalated Pt get
more and more ﬂatten and larger beneath the h-BN, compared to that in Figure 6.3. Further
annealing to 950 K leads to the diffusion of the intercalated Pt to the Rh (111) steps as indicated
by arrows (f).
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where the bonding to the rhodium substrate is stronger.142 Therefore, our Pt clusters could be
trapped under the depressions by the electronic clouds of the agglomerated neighboring B
and N defects around the h-BN rims.
Both intercalations where the periodicity of h-BN on top was conserved and where h-BN
became ﬂat were observed. Flat structure and ﬂattening were observed in the case of h-BN
grown on Pt(111)139 and hydrogen intercalation.138 This is explained by the weak interaction
between h-BN and Pt (111). Thus, bonding through intercalation may remove the corruga-
tion nature of h-BN leading to a ﬂat state. That is what is observed in Figure 6.5; the regions
where the Pt clusters are embedded become ﬂattened. Nevertheless, it is very puzzling to
ﬁnd that some intercalated h-BN regions are commensurate with the pristine h-BN lattice
keeping their corrugation structure and the periodicity on top similar to the surrounding
periodicity. Rhodium and platinum have nearly the same atomic size as well as the metal
bond energy. Thus, post annealing is expected to form some Pt-Rh surface alloy or can induce
segregation of Rh to the surface. Rh segregation in Pt-Rh alloys is a well-known process but it is
unlikely that Rh atoms segregates in a Pt rich surface at a temperatures below 800.215,216 There-
fore, we can rule out the possibility of such process to occur at our annealing temperature. One
possible explanation could be that Pt, in some regions and because of the energetic impact, is
tightly bound to Rh which inhibits Pt to occupy only positions favorable for adsorption. Thus,
the variation in the bonding strength between favorable and unfavorable adsorption sites
gives rise to the observed corrugation.
The Ostwalder group reported in their study on graphene and h-BN bombarded by Ar+ ions
what is called a can opener effect.217,218 This effect emerges from B and N in the case of h-BN
and from carbon in the case of graphene that are knocked out during ion implantation after
annealing the sample to high temperature (1000 K for graphene and 900 K for h-BN). These
defects become mobile and gather at the rim of the depressions due to minimum energy
costs. As a consequence, detachment of 2 nm depression areas was reported leaving empty
homogeneous voids of 2 nm width on the h-BN surface. In the present experiment (Fig. 6.5f),
this phenomenon was not observed. Instead, annealing the sample to 950 K leads to the
diffusion of the intercalated Pt into the h-BN (or Rh(111)) steps and stabilization.
6.3 Conclusion
Mass selected Pt7 cluster interaction with h-BN/Rh(111) surface for CO oxidation reaction
was studied using STM and CO desorption spectroscopy as probing techniques. Exposing
h-BN to Pt clusters with kinetic energies above 30 eV/atom leads to non thermal cluster
intercalation under the h-BN. The intercalated Pt atoms and clusters are site selective as they
settle only under the h-BN wires. Visual induced defects start to appear at an energy above
100 eV/atom. Annealing to 600 K under CO and O2 gas leads to defect healing and Pt exiting
the wire sites to stabilize under the h-BN depression sites. Further annealing at 800 K leads
to the agglomeration of the intercalated Pt and to h-BN ﬂattening. No can opener effect was
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observed even when the annealing temperature reached 950 K. Instead, the intercalated Pt
are found to diffuse and stabilize at h-BN/Rh(111) steps. Exposing the energetic Pt under
h-BN to CO TDS exhibits the same pattern analogue to CO desorbing from the h-BN surface
defects, indicating that Pt are below a protective h-BN layer that inhibits CO adsorption to the
underlying particles under the studied pressure and temperatures. Therefore, the Pt clusters
intercalated with relatively higher kinetic energy in h-BN/Rh(111) are inactive for CO oxidation
reaction under the studied conditions.
81

7 Pt7 on h-BN/Rh(111): Effect of Pt
intercalation on CO poisoning
Poisoning, in general, quenches the low temperature catalytic activity. For instance, a large
amount of harmful gas emission is released during the ﬁrst minutes of car engine ignition
before the catalyst can warm enough and become useful. Small Pt clusters are vulnerable to CO
poisoning as well. This chapter deals with Pt surface interaction with h-BN/Rh(111) that was
found to play an important role on how CO binds to Pt. This was motivated by the observation
reported in chapter 5 which highlighted the reduction in CO oxidation temperature when
Pt undergoes partial intercalation, suggesting that this intercalation could be a key factor
in the observed effect. Based on the results of chapter 6, we propose a method on how CO
binding to soft landed Pt7 catalyst supported on h-BN/Rh(111) can be reduced through the
introduction of an intercalated Pt layer between h-BN and Rh(111), using energetic Pt cluster
beam irradiation. The intercalated layer was produced using successive energetic deposition
and annealing. Upon annealing, the intercalated Pt species were found oriented along the
h-BN depressions and the soft landed Pt7 clusters show remarkably high thermal stability
up to 800 K. TDS of CO shows that the desorption temperature on the soft landed Pt7 can be
tuned by the introduction of an intercalated Pt clusters under the h-BN monolayer.
7.1 Introduction
Catalyst deactivation is a major concern in chemical industrial processes where activity and
selectivity quenching overtime costs billions of dollars to replace the decayed catalyst. The
science of catalyst deactivation has expanded considerably,56 providing knowledge for de-
signing stable catalysts to prevent or slow down catalyst deactivation. The major causes of
deactivation are basically chemical, mechanical or thermal.219–221 Poisoning, for example, is a
chemical deactivation mechanism and is considered as one of the worst catalyst deactivating
process. It is known to occur in heterogeneous catalysis, in which the activity depends critically
on the free sites available on the catalyst for reactant adsorption and reaction. Thus, poisoning
can hinder the reaction by blocking the active sites as a result of strong adsorption of the
reactants, products or impurities on the catalyst. Pt catalysts are extensively used in chemical
industry and in fuel cells222,223 and the binding strength of some species, such as carbon
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monoxide (CO) is primarily responsible for Pt catalyst deactivation. The strong binding of
CO to Pt is due to the strong interaction and hybridization of CO s and anti π bands to the
Pt d band.224–226 A comparative study between clusters, monolayer and bulk Pt, showed an
enhancement of adsorption on the clusters over bulk.227 Thus, the excessive binding strength
of CO may lead to more reactive catalytic activity but, at the same time, can increase the
poisoning temperature. Alloying Pt with other metals is known to weaken the CO binding thus
reducing poisoning.228,229 Additionally, the support can, also, have considerable effect on
how CO binds to the catalyst. For example, Pt supported on tungsten carbide was found to be
less poisoned by CO compared to Pt/C.230 In fact, the tungsten carbide support compared
to traditional carbon supported Pt catalysts could impart much stronger negative electronic
charge to Pt through an electron donating effect which, consequently, reduces CO binding
strength.230 Moreover, computational calculations show that graphene support makes the Pt
catalyst capable of losing electrons and thereby weakens CO adsorption.225,231 Adsorbed CO
on Pt clusters supported on Ru were found to displace from Pt, through spillover, to the Ru
support, hence continuously providing new free sites of adsorption.232 Therefore, the adsorp-
tion of CO can be controlled using an appropriate substrate. In the present experiment, a novel
method to reduce CO poisoning through building up a new catalyst conﬁguration composed
of Pt/h-BN/intercalated Pt/Rh(111) is proposed and CO thermal desorption spectroscopy was
used to determine the desorption temperature on the catalyst.
7.2 Results and discussion
7.2.1 Combination of soft landing and energetic deposition of Pt clusters
Figure 7.1a,b show Pt7 supported on h-BN/Rh(111) when the clusters are soft-landed with a
typical energy of 1.2 eV per atom and when they are accelerated by an energy of 170 eV per
atom. In the ﬁrst regime, the clusters are sitting in the h-BN depressions at the edge sides and
look bigger, compared to those observed in chapter 5, due to tip convolution. In the second
case, the clusters are intercalated under h-BN and they shelter at the wire regions according
to what was obtained in chapter 6. These observations incite us to combine the two regimes
together to obtain soft landed Pt above the regions intercalated by Pt. Figure 7.2a-f display
a combination between the preceding two states, in which Pt is on top and under the h-BN
monolayer, using a sequence of energetic and soft deposition. To proceed, the sample related
to Figure 7.1b was annealed at 800 K, then imaged as shown in Figure 7.2a. The diffusion of
Pt under h-BN allows it to expand and produces large ﬂake-like intercalated areas spreading
under the moiré pattern. The apparent 2.2 Å height of these intrecalated features, measured
from the STM height proﬁle, indicates clearly that the annealed Pt remains entirely under
h-BN.
Consecutively, the annealed sample of Figure 7.2a was exposed to a second irradiation with Pt
beam of 170 eV/atom (In order to increase the density of intercalated areas) followed by a soft
landing deposition. As one can observe in Figure 7.2b, the surface is covered with randomly
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Figure 7.1 – Overview STM images of (a) Soft deposition, at 1.2 eV per atom, of Pt7 on h-
BN/Rh(111) showing Pt clusters as white protrusions landed in h-BNdepressions. (b) Energetic
deposition, at 170 eV per atom, of Pt7 on h-BN/Rh(111) showing Pt as white protrusion housed
under h-BN wires. The insets are magniﬁed regions of their respective surface.
distributed Pt. Further, the sample was annealed again to 800 K and imaged as shown in
Figure 7.2c. From this ﬁgure, one can notice that the density of the intercalated Pt clusters is in-
creased with the appearance of particles in the form of white protrusions on top of them. These
particles are Pt clusters brought by low energy (or soft-landing) deposition which remain on
top of h-BN. As far as we repeat the previous energetic deposition; soft landing and annealing
steps (Figure 7.2d,e), both the density of the intercalated Pt and those remaining on the top
are found to increase. Figure 7.3c, illustrates the steps of producing Pt/h-BN/intercalated
Pt/Rh (111) using a combination of energetic and soft deposition in conjunction with their
respective apparent height histogram. After irradiating the h-BN/Rh(111) with the Pt clusters,
the intercalation under the wire regions can be observed as shown in the schematic view of
this ﬁgure. This sample is referred as EDe (Energetic Deposition). Adding annealing to EDe
leads to a situation where the particles spread under the depressions and wire areas. This
is named (EDe + annealing) step. The respective apparent height histogram in black shows
a height of 2.2 Å. Intercalated Au under h-BN has been found to exhibit the same order of
magnitude.119 Contrary to the case of EDe, the soft deposition Pt (called SLDe) lands the
clusters above the h-BN depressions. Combining all the steps together (EDe + annealing +
SLDe) produce a situation in which a Pt/h-BN/intercalated Pt/Rh(111) conﬁguration can be
obtained. Related to this conﬁguration, the apparent height (histogram in green), was found
to be almost monosized at 5.2 Å. Since the apparent height proﬁle is taken from the bottom of
h-BN depressions and by considering an equivalent electrons density of state, the subtraction
of 2.2 Å (apparent height of the EDe Pt) gives 3 Å which is not far from 3.2 Å. This matches
the apparent height of the SLDe Pt on top of the h-BN (see the histogram in red) which could
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Figure 7.2 – Overview STM images of subsequent energetic and soft Pt7 deposition on h-
BN/Rh(111) at 170 eV/atom, followed by a deposition at 1.2 eV per atom (b, d). The image in (a)
is taken on the sample of Figure 7.1b that was annealed at 800 K. (c, e, f) images of the samples
annealed at 800 K. The images show the intercalation of Pt under the h-BN and stabilization
under the wire regions as ﬂakes-like features. The particles showing as bright protrusions in c,
d, e and f are Pt particles on top of the intercalated Pt. Imaging was done with: Vt = -1 V and It
= 100 pA.
indicate that the (EDe + annealing + SLDe) Pt clusters keep their initial size at deposition.
Moreover, even at high annealing temperature, adjacent soft landed Pt clusters (appearing as
white protrusions) remain intact side by side as can be seen in the inset of Figure 7.2f. This
means that the Pt particles remain stable up to 800 K which is an impressive result compared
to soft landed Pt on h-BN/Rh(111) that were deposited at room temperature and annealed
at the same temperature (see chapter 5), and where the annealed Pt clusters were found
to agglomerate into larger particles with an apparent height of 8.3 Å. Furthermore, one can
observe that the intercalated Pt particles orientate themselves in a speciﬁcmanner, as shown in
Figure 7.2f, where these particles appear as features elongated almost in the same direction. A
closer inspection reveals that about 80 % of the intercalated Pt particles orientate themselves
along the h-BN depressions.
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Figure 7.3 – CO TDS performed on (a) clean h-BN (yellow) and on energetic Pt deposited
on h-BN/Rh(111), named EDe, and annealed at 800 K. (b) CO TDS on soft-landed Pt on h-
BN/Rh(111) (named SLDe) together with CO TDS on EDe annealed at 800 K and followed
by an SLDe, designed by (EDe + annealing + SLDe). (c) apparent height histogram deduced
from STM images of EDe annealed at 800 K (black), SLDe (red) and (EDe + annealing + SLDe)
(green). The schematic insets illustrate the conﬁguration of EDe, (EDe + annealing), SLDe and
(EDe + annealing + SLDe), respectively.
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Figure 7.4 – Schematic overview showing CO binding to Pt clusters in the case when they are
supported on h-BN/Rh(111) and in the case when they are supported on h-BN/Intercalated
Pt/Rh(111). The w and d refer to wire and depression regions, respectively, and the gray arrow
indicates the charge donation direction.
7.2.2 CO desorption temperature
Figure 7.3a,b showCOTDSmeasurement performedon the Pt/h-BN/intercalated Pt/Rh(111),i .e.,
(EDe + annealing + SLDe) system. Measurement started with TDS on the EDe Pt, then on the
SLDe sample, and ﬁnally on the Pt/h-BN/intercalated Pt/Rh(111) system. After fully saturating
the surface with 30 L of CO gas at 150 K, the temperature was raised at a heating rate of 2
K/s until the desorption ceased. Figure 7.3a displays the CO desorption from the EDe Pt (in
black) where one can observe a desorption peak at 250 K. The CO desorption temperature
from the EDe Pt is similar to the desorption temperature from the clean h-BN surface (CO
desorbs more precisely from h-BN defects). This, clearly, indicates that the CO is unable to
access Pt under h-BN which acts as a barrier. On the other hand, the CO desorption from the
SLDe Pt gives rise to a broad peak centered at 500 K, as shown in Figure 7.3b. The desorption
temperature, above 500 K, is typical for CO desorption from Pt smooth steps,148,233 as already
shown in chapter 5. This high desorption temperature was found to result from a strong Pt-CO
bond strength which inhibits large scale practical applications such as in fuel cells. It affects
the reactivity of CO involved in catalytic reactions, depending on the nature of chemical bond-
ing between the catalyst and reactants or intermediates. However, the CO desorption from
the Pt/h-BN/intercalated Pt/Rh(111) system designed as (EDe + annealing + SLDe) (green
line), exhibits a single peak situated at 400 K, that is 100 K lower compared to the desorption
temperature from the SLDe Pt supported on h-BN. This shift in the desorption temperature,
clearly, indicates that the introduction of an intermediate Pt layer between the h-BN and the
Rh(111) helps in reducing CO poisoning on subsequently soft landed Pt on h-BN. It seems
that Pt intercalation below h-BN modiﬁes the electronic states of the non intercalated Pt
in such a way that causes a decrease in the CO adsorption energy. Generally speaking, the
more Pt is positively charged, the weaker the CO bonding to the metal. Therefore, one can
expect a charge donation from the non intercalated Pt to the substrate in the presence of an
intermediate intercalated Pt layer which weakens CO adsorption.
In the absence of theoretical calculations of CO adsorption on Pt supported by h-BN/Rh(111),
one can suggest an interpretation of CO poisoning reduction in the presence of an interca-
lated Pt layer as follows. It is known that adjusting the charge state of the catalyst affects
its adsorption behavior with reactants. On Pt(111), h-BN is weakly bonded to the substrate
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because of the weak Pt d,s–h-BN π orbital mixing, while on Rh(111) the bonding is signiﬁcantly
stronger as a consequence of better orbital overlap.139 So it can be stated that, in the case of
Pt/h-BN/Rh(111) only, the strong h-BN-Rh(111) interaction may cause the electronic clouds of
the h-BN defects to polarize much more downward toward the substrate (Fig. 7.4). Thus, the Pt
clusters on top will remain in more reduced state which strengthens the overlapping with CO π
orbital resulting in a strong adsorption state. However when a Pt interlayer is inserted between
h-BN and Rh(111), the weak interaction between h-BN and Pt will decouple the h-BN and
pushes the defect electronic clouds upward maximizing their interaction with the adsorbed Pt
clusters which results in a charge donation from the catalyst to the substrate. Consequently, it
can be said that the resulting weakening of CO-Pt bonding may be caused by a reduction in
CO π population. Figure 7.4 gives a simpliﬁed schematic overview of this mechanism. Also,
the enhancement of the non intercalated Pt interaction with the underlaying h-BN may well
explain the observed increase in the clusters stability. A perspective DFT calculation would be
helpful to conﬁrm these experimental results.
7.3 Conclusion
Pt/h-BN/intercalated Pt/Rh(111) conﬁguration was accomplished by cluster implantation in
consecutive cycles of irradiation and annealing to 800 K. Soft landed Pt on top of h-BN/Rh(111)
is found to settle inside the h-BN depressions while energetic Pt clusters intercalate and settle
below the h-BN wires. Annealing of the intercalated Pt to 800 K, leads to its expanding in a
layered form under the h-BN. Combination of soft landed, energetic deposition of Pt and an-
nealing forms a multilayer system made of the Pt/h-BN/intercalated Pt/Rh(111) system. Using
TDS, we found that soft landed Pt/h-BN/Rh(111) conﬁguration exhibits high CO desorption
temperature (or CO poisoning) while the Pt/h-BN/intercalated Pt/Rh(111) conﬁguration
shows a lower desorption temperature. Hence, CO adsorption strength to Pt can be controlled
using an appropriate support,e.g ., intercalated Pt layer between h-BN and Rh(111). Moreover,




8 Fe3 on h-BN/Rh(111): Stability and
ammonia synthesis
In this chapter, h-BN/Rh(111) supported Fe3 system was prepared and used as a model catalyst
for ammonia synthesis reaction. Iron is a well-known and efﬁcient catalyst for dinitrogenase
reduction. The small iron clusters show remarkably high activity for dinitrogen dissociation
and ammonia synthesis at reduced temperature and under UHV conditions compared to con-
ventional Fe single crystals. Iron clusters exhibit ripening according to the Ostwald mechanism
up to 600 K and above this temperature, Fe partially intercalates between the h-BN monolayer
and the Rh(111) substrate. This intercalation is found more pronounced after catalytic activity
measurements,i .e., under gas reaction exposure and temperature. At relatively low deposi-
tion temperatures (100 K), the STM topography of the Fe clusters shows the coexistence of 2
imaging states; a ring state structure around the h-BN depression and a dot like structure. The
ring state structure is found thermally stable and disappears only upon annealing above room
temperature. Using temperature programmed reduction (TPR) of dinitrogen and hydrogen,
NH3 production could be fully conﬁrmed following the Haber-Bosch method. It was found
that, in the presence of iron, the nitrogen gas reaction experiences an exchange with the
nitrogen species forming the h-BN layer. In addition, two radicals NH and NH2 together with
desorbed atomic nitrogen were directly observed during the reaction, hence, they should be
desorbed from the catalyst surface.
8.1 Introduction
Ammonia is one of the most intensively produced chemical by industry with a world an-
nual production of around 235 million tons and a market of 100 billion dollar forecast in
2019.234 Because of the vast use of nitrogenous fertilizers, ammonia is an important industrial
chemical compound. Also, it has high potential as a source of hydrogen storage and sup-
ply.235 Ammonia formation through dinitrogen (N2) splitting and reduction with hydrogen (H)
requires a high amount of energy and a complex chain of production. An effective ammonia
conversion under ambient conditions is the ultimate goal. There has been few successful
attempts along this way using molybdenum model complexes to mediate the stoichiometric
conversion of N2 to NH3.236–239 There are two standard routes to form ammonia; one is a
91
Chapter 8. Fe3 on h-BN/Rh(111): Stability and ammonia synthesis
biological process occurring under ambient conditions when nitrogen from air is ﬁxed by
bacteria found in the roots of some plants and then converted, using chemical energy, to
ammonia by an enzyme called nitrogenase.240,241 This enzyme is based on a Fe-Mo cofactor
as the active center for ammonia synthesis. The iron-molybdenum active site of the enzyme
nitrogenase has pushed efforts on exploring iron and molybdenum complexes as catalysts
for N2 reduction. However, it is now thought that iron is the only transition metal essential
to all nitrogenases.241,242 The second route, called the Haber-Bosch process and mediated
by an iron-based catalyst243 which catalyzes N2 to ammonia under high temperatures and
pressures, is an industrial method developed a century ago. Although the triple bound in N2
is very strong making N2 inert and hard to dissociate, iron is effective as a catalyst because
it lowers the barrier for N2 dissociation. It does this by breaking the triple N bond and form-
ing Fe-N chemisorbed bonds. A non catalyzed reaction should proceed at 800 ◦C under 200
bars. Nevertheless, with the use of a catalyst in the Haber-Bosch process, the reaction can
be conducted at typical temperatures as low as 500 ◦C. The role of the catalyst is to help N2
dissociation, which is generally considered a rate-determining step, as well as reaction with
hydrogen for the production of NH3 which is a very stable nitrogen hydride.
Clusters have been shown to be good models for many catalytic reactions.64 The use of nano-
catalysts during ammonia synthesis could reduce energy consumption, while simultaneously
improving the production efﬁciency. In a very recent study, model catalysts made of free
iron-sulfur clusters are found to functionalize N2 binding independently of the cluster size
and charge.244 Industrial nano-iron catalyst supported on oxide support has been produced
allowing ammonia synthesis at reduced pressures and temperatures, so that about 50 % of
energy could be saved against the present methods.113 It was found that Ru-based model
catalysts show superior performance over conventional iron-based catalysts.245 However for
cost and availability issues, Fe based catalyst is still the most used. Nevertheless, reducing the
clusters size to what is called the non scalable regime makes them exposed to ripening and
loss of the active sites by agglomeration. The catalytic activity is size dependent7 and because
of that, stability is an important parameter to be considered. Adding or removing an atom
could considerably change the entire cluster properties. On the other hand, when particles
get smaller, their interaction with the support could considerably affect their intrinsic activity
and selectivity, so a better choice of support is crucial. For example, ammonia synthesized
over Ru supported on 12CaO7Al2O3 provides a new and highly efﬁcient way for N2 bond
dissociation246 via strong electron donation from the support. Even so, it has been reported
that suitable support materials for promoted ammonia synthesis should have a non reactive
surface such as boron nitride or magnesium oxide.247–249
This part of thework reports on ammonia synthesis over Fe3 clusters supported onh-BN/Rh(111)
as a model catalyst. STM was used to study the cluster thermal stability before and after the
reaction. TPR (Temperature Programed Reaction) was then used to elucidate dinitrogen
dissociation and NHx product formation as a function of temperature.
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8.2 Results and discussion
8.2.1 Fe3 stability
The stability and catalytic activity of Fe3 clusters supported on h-BN/Rh(111) has not been
studied yet. The ﬁrst part of this study focuses on the cluster thermal stability before investi-
gating the catalytic activity in ammonia synthesis. We start with an initial cluster coverage of
1.4 x 10−3 cluster per Rh atom (20 % with respect to the number of moiré supercell). Figure 8.1
shows STM images (taken at 80 K) of the iron clusters deposited at 100 K then annealed at
various temperatures up to 800 K. These small clusters are found very prone to ripening and
intercalation at high temperature. In the case of as deposited iron at 100 K, the STM topog-
raphy was dominated by particles showing a circular structure which forms a ring around
the h-BN depressions (donut-like) in conjunction with few clusters in the form of spherical
protrusions (dots-like). The observed objects constitute a bistable adsorption complex me-
diated by tip-cluster interaction120 that we will discuss in detail later. At room temperature,
Figure 8.1b displays the coexistence of the two imaging states but most of the clusters regain
their spherical form, which means that the temperature suppresses the previous observed
effect. This is clearly conﬁrmed from Figure 8.1c-d, where the annealing temperature is higher
and where all the clusters are spherical in form and are found at the edge side of the h-BN
depressions (such as in the Pt7/h-BN/Rh(111)). Intercalation under the h-BN was observed
in the case when iron clusters were annealed at 700 K or more. In this case, the structures
appearing with low contrast in the STM image are Fe sandwiched between the h-BN and the
Rh(111) and showing an apparent height of 3.3 Å. Those looking brighter are Fex still remaining
above the h-BN surface and showing an apparent height of 5 Å. Further annealing at 800 K,
leads to more pronounced Fe intercalation and agglomeration.
The cluster apparent height histograms shown in Figure 8.3 measures, at 100 K, two distinct
heights. The ﬁrst peak at 2 Å corresponds to the height of the circular shaped clusters and the
second at 3 Å to the spherical shaped ones that matches roughly the height of a monoatomic
iron sphere. It can be noticed, from STM topography, the presence of clusters with different
sizes which refers to a ripening process during annealing. The corresponding histograms
indicate an Ostwald ripening in which the clusters increase in height but the coverage remains
almost constant up to 600 K. One has to note, that the difference in the apparent height of Fe
(3.3 Å) and Pt (2.2 Å) intercalated species under h-BN is 0.7 Å higher in the case of Fe. This is
simply due to the fact that h-BN on Pt adsorbs ﬂat, whereas h-BN supported on iron exhibits
a corrugation of 0.7 Å in height and about 2.4 nm periodicity as shown in Figure. 8.2 which
explains the difference in the apparent height between the intercalated Fe and Pt. A recent
study found that h-BN adsorbed on the Fe(110) surface revealed the presence of two primary
domains with a speciﬁc 1D moiré pattern (or nanowaves).16 The period of this 1D structure
is about 2.6 nm, and the corrugation amplitude is nearly 0.8 Å, very close to our measured
values.
The bistable conﬁguration mentioned above can be considered as two distinct states of the
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Figure 8.1 – Overview STM images of (a) soft landing of Fe3 on h-BN/Rh(111) at 1.2 eV per atom
and 100 K. (b-f) STM images of Fe3 annealed at 300, 500, 600, 700 and 800 K, respectively. The
insets are magniﬁed regions of the respective surface.
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Figure 8.2 – h-BN corrugation on intercalated Fe. a) 3D STM image showing h-BN on Fe as
nanowaves. b) height proﬁle showing the corrugation amplitude and periodicity taken from
the line proﬁle traced as shown in the inset of (a). (c) schematic model of the h-BN corrugation
on Fe(110), adapted from Ref.16
same cluster resulting from h-BN-Rh(111) weakening in the presence of Fe clusters. Prece-
dently, Xe adsorption on h-BN/Rh(111) reveals a similar ring state feature consisting in 12 Xe
atoms in the studied temperature range between 5 and 85 K.32,250 Prior to the present study,
F. Natterer and al. observed such a behavior, between 10 and 35 K, in the case of Mn, Fe and Co
adatoms adsorbed at 10 K on h-BN/Rh(111).120 They showed a switching between the dot and
the ring state by applying a positive voltage pulse on top of the structure where the ring state is
attributed to a single transition metal (TM) adatom only. Combining the two observations (TM
adatoms and Xe clusters) the most relevant interpretation to our case, as reported by Natterer,
would emphasizes the fact that interaction of the tip and the sample locally deformed and
detached the h-BN layer, weakened by the TM adsorption, from the substrate which leads to
the intriguing STM appearance while the adatom itself, for unknown reasons, is hidden within
the ring state .
Since we know the cluster density which is extrapolated from the cluster ion current and
deposition time, we can conclude that each observed bistable (a ring or a dot protrusion)
structure, in Figure 8.1a, envelopes an Fe3 cluster. Evidently, the reported ring state is not
only restricted to Fe adatoms but to Fe clusters (at least containing 3 atoms) as well. The
majority part of the ring protrusions donate ﬁve small protrusions surrounding h-BN depres-
sions with an apparent height of 2 Å with respect to the depression (as shown in the inset of
Fig. 8.1a). Natterer et al. observed similar feature in which one ring protrusion gives several
small protrusions with an apparent height of 2 Å as well. However, the cluster based ring state
exhibits a high temperature stability as it persists even at 300 K before completely switching
to the dot state at 500 K. At the limit of our investigation, the stability of the ring state and its
disappearance under thermal effect remains unexplained. Nonetheless, one could suppose
that the disappearance of the ring state is related to a cluster size effect. As the temperature
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increases, small clusters grow to larger ones. Consequently, large clusters should have a ten-
dency to promote metal-metal over metal-substrate interaction. Therefore, the substrate is
less perturbed (or weakened) by Fe clusters which leads to the suppression of the related
effect.
8.2.2 Ammonia synthesis
The iron clusters are used as model catalysts for ammonia synthesis. In contrast to dinitroge-
nase enzymes in which hydrogen ﬁxation and reduction is the limiting step, N2 dissociation
on iron based catalysts, under high vacuum, is the rate limiting one. This is one reason why,
in nature, N2 bond can be functionalized already at mild conditions while the Haber-Bosch
method applies high temperature and pressure to dissociate N2 in the presence of iron based
catalysts. In this part, TPR was used to elucidate the N2 adsorption, dissociation and reduction
to ammonia in the presence of H2 and isotopic 30N2 gases. During annealing, the crystal was
continuously exposed to a static pressure of H2 due to the presence of background H2 in the
gas line and in the ultrahigh vacuum (UHV) chamber (about 15 % of the dosed 30N2). Fig-
ure 8.5a represents TPR for masses 14N, 15N, 29N2, and 30N2 after the surface was saturated
with 30N2 isotopic gas at 150 K and heated at 2K/s until the desorption ceased. Studies about
the chemical nature of adsorbed nitrogen species are still under debates. It is believed that
adsorbed molecular species dominate at low temperature while above room temperature
tightly bound atomic species overcome.251 Using CO adsorbed on iron precovered with nitro-
gen, Takezawa and Emmett252 found that, from 400 and 600 K, a considerable portion of the
chemisorbed nitrogen is held as nitrogen molecules whereas at temperatures of about 700 K it
is primarily in the atomic form. It should be noted that, the release of neutral nitrogen atoms is
unlikely and even surprising because it is energetically unfavorable. In fact, to our knowledge,
direct observation of atomic nitrogen desorption from iron has never been reported. Only
nitrogen molecular recombinative desorption was monitored using conventional methods
such as TDS or TPR.
As shown in Figure 8.5a, chemisorbed 15N desorbs with 2 peaks for which the desorption
maximum occurs at about 620 and 710 K. This is 150 K lower than N2 molecular recombinative
desorption from Fe(111) or Fe(110) crystal.253 The peak at 620 K could be attributed to C7 sites
(Fe atoms with the seven nearest neighbors). One can expect that agglomerated Fe3 clusters
could produce large clusters with highly coordinated C7 sites. Describing the clusters by the
hard sphere model (see chapter 5), their size N can be estimated from the STM apparent
height. The corresponding cluster size are shown in Figure 8.3 in red. At 620 K, the average
cluster size is N = 6 but we also identify clusters with a size N = 10,15, 25 and 33 as well. It
is known that Fe(111) and Fe(211) exhibit the peak related to C7 sites, contrary to Fe(100) or
Fe(110) where these sites are spare.254 This is due to the open structure of the Fe(111) that
has both C4 (four-fold coordinated atoms) and C7 atoms exposed to the surface. The low
index of Fe(111) and Fe(100) plane as well as the C7 and C4 surface atoms on body-centered
cubic structures are sketched in Figure 8.4. The 620 K peak could, also, be attributed to a
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Figure 8.3 – Apparent height distributions of as deposited and post annealed Fe3 in UHV. The
initial coverage (in grey) was 1.4×10−3 clusters per Rh atom. RS: ring state, 2D: 2 dimensional
structure, 3D: 3 dimensional structure, Int: Intercalated. The red colored values indicate the
cluster size N deduced from the hard sphere model.
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Figure 8.4 – Fe(111) and Fe(100) low index planes and iron body-centered cubic lattice showing
the C7 and C4 surface atoms.
face speciﬁc adsorption. In fact, different crystallographic planes give different desorption
temperatures. However, it is not straightforward to deduce the orientation plan of the iron
clusters from STM images.
Molecular recombination desorption of 30N2 and 29N2 was, also, observed at a temperature
slightly smaller (Tmax = 670 K) compared to atomic 15N and 14Ndesorption (Tmax = 710 K). The
total amount of molecular desorbed N2 is distinctively smaller. The simultaneous observation
of 14N and 29N2 can only be ascribed to isotopic exchange with the 14N constituent forming
the h-BN layer. The ratio of 15N to 14N impurities present in the N2 gas supply used in this
experiment was found to be 250, while the amount of desorbing 15N is by 2 fold greater than
14N, which means that the majority of desorbing 14N comes from the reaction itself. Hunter et
al.255 observed an isotopic exchange of 15Nwith 14N in cobaltmolybdenumnitride lattice. This
exchange becomes only active at temperature of 700 K and above. Adsorbed iron clusters on
h-BN defects such as B vacancies would bind tightly to the dangling 14N bonds of h-BN. Once
the two species (atomic 15N on iron surface and the 14N of the support) encounter, nitrogen
recombinative molecular desorption should be released (29N2). This would emphasize the
possible occurrence of the Mars-van Krevelen mechanism (see chapter 1) in the ammonia
synthesis reaction over the h-BN supported catalysts. Performing the same experiment on a
clean h-BN/Rh(111) did not show any of 14N desorption which means that iron clusters are
the ones responsible for such desorption. The occurence of the TPR peaks and the existence
of isotopic mixing of 14N and 15N show clearly that nitrogen at, 700 K, is adsorbed atomically
on the iron clusters. Equation 8.1 shows the different possible combinations and sequences of
nitrogen interaction with iron supported on h-BN/Rh(111). The "g" and "ad" refer to gaseous
and adsorbed nitrogen species, respectively, and "sub" to nitrogen of the h-BN substrate.
30N2,g +∗→ 215Nad ⇒ 15Nad +14 Nsub →29 N2,ad ⇒ 15Nad +15 Nad →30 N2,ad (8.1)
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Figure 8.5 – N2 TPR performed on Fe3/h-BN/Rh(111). (a) nitrogen desorption. (b) NHx forma-
tion.
The π orbitals of N were assumed to interact with the empty Fe orbitals, thus leading to weak-
ening of the N-N bond which should be favorable for hydrogenation,8 while the H2 pressure
in the gas supply, should be sufﬁcient for some ammonia formation to be accomplished. Am-
monia synthesis proceeds through reduction of either molecular or atomic nitrogen species :
15Nad + 3Had → 18NH3 (atomic species)
30N2,ad + 6Had → 218NH3 (molecular species)
Figure 8.5b shows dinitrogen reduction with hydrogen during the N2 desorption. The oc-
currence of the peaks in the spectra where m/z = 16-17 and m/z = 18 further conﬁrms the
generation of NHx species. The NHx radicals are important in nitrogen-containing systems. It
is used to reduce NOx in the exhaust gases256 and also is an important constituent in the
fabrication of semiconducting materials.257 Reaction intermediates during ammonia syn-
thesis are usually identiﬁed through indirect method of identiﬁcation based on theoretical
calculations or using some detection techniques such as pulsed-laser stimulated ﬁeld desorp-
tion.258,259 Nevertheless some experimental studies, directly, observed NH and NH2 radicals
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during ammonia decomposition on iron using different analysis techniques such as SIMS
(Secondary Ion Mass Spectroscopy)260 or mass spectrometer.261 To our knowledge, this is
the ﬁrst observation of NH and NH2 radicals occurring during NH3 formation on a catalyst
surface, using desorption spectroscopy technique. The possibility that the m/z = 16,17 and 18
peaks could originate from water desorbing from iron can be excluded since water desorption
from a clean Fe(100) occurs, only, at low temperature (300 K).262
It is known that NH3 which gives rise to the dominant peak in the TPR, proceeds by adding H
to the intermediate radicals as indicated by the equations 8.2.
15Nad+Had →16 NHad ⇒ 16NHad+Had →17 NH2,ad ⇒ 17NH2ad+Had →18 NH3 (8.2)
The formation of NH and NH2 intermediates conﬁrms that the NH3 formation involves the
stepwise hydrogenation of atomic nitrogen. Also, it could be very likely that 14N reacts with
hydrogen forming ammonia (17NH3). An interesting alternatives to the above reactions are
14Nad +2Had →16 NH2,ad ⇒ 14Nad +3Had →17 NH3 (8.3)
The identity corresponding to m/z = 17 is not clear, although only two possibilities can exist as
given in equations 8.2 and 8.3.
Based on the results of Fe stability discussed above, it becomes worthy to shed light on the cata-
lyst state after the reaction. Figure 8.6a,b show two STM images of the catalyst before (Fig. 8.6a)
and after the reaction (Fig. 8.6b). The as deposited Fe3 clusters are shown as white protrusions
located on the h-BN depressions. The surface images are shown in a reverse topography in
order to get a better imaging stability by reducing cluster drift. This topography is obtained
when h-BN is tunneled with high voltage, in which the regions representing the wires are
imaged as depressions and the regions showing depressions are imaged as hills.263 At the end
of the reaction, the Fe particles are found to undergo massive intercalation. It is well known
that NH3 formation is an exothermic process. The reaction energy excess is transferred to the
catalyst promoting diffusion and intercalation. Therefore, three situations could face us; ﬁrstly,
Fe is completely under h-BN. This is monitored as a low contrast ﬂake-like structures. Secondly,
the Fe clusters are in a non intercalated position and show as white protrusions on top of the
h-BN and ﬁnally a dual combination between intercalated and non intercalated Fe. This latter
situation, which is the majority conﬁguration, shows Fe protrusions on top of the intercalated
regions. At this level of study, it is unclear whether the Fe on top of the h-BN/intercalated
Fe/Rh(111) exhibits the same chemical behavior as Fe on top of h-BN/Rh(111) or not. Fig-
ure 8.6c, represents a schematic illustration of the Fe intercalation during NH3 formation. The
catalyzing Fex (6 < x < 45) particles, are driven through the wires underneath h-BN where
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Figure 8.6 – Fe3/h-BN/Rh(111) stability. (a) as deposited (b) after reaction (c) schematic view
of Fe intercalation during the reaction. Tunneling conditions : It = 200 mA, Vt = 4 V.
they form an intermediate layer. Because of the relative high ammonia synthesis temperature,
iron intercalation must be taken into account. A charge transfer between the support, in the
presence of intercalated Fex , and the catalyst or vice versa is conceivable which then would
have an effect on the catalytic behavior of the Fe clusters. This, however, needs future studies.
8.3 Conclusion
In summary, Fe clusters supported onto hexagonal boron nitride monolayer on Rh(111) are
found to be an excellent catalyst for dinitrogen dissociation and ammonia synthesis under
UHV. TPR conﬁrmed that nitrogen adsorbs molecularly and atomically over the iron clusters
following the Haber-Bosch method. The chemisorbed nitrogen was found to desorb from the
catalyst with a peak whose maximum occurs at about 710 K. In addition, we have monitored
the presence of a shoulder in the NH3 peak that can be attributed to C7 phase of the Fex
clusters (6 < x < 33). The STM imaging of the sample after reaction shows that the clusters
undergo a massive ripening and intercalation giving rise to their coarsening. It was found that,
in the presence of iron, the isotopic nitrogen gas experiences an exchange with the nitrogen
species forming the h-BN layer. The detection of the reaction intermediates NH and NH2
during ammonia synthesis conﬁrms that NH3 formation involves the stepwise hydrogenation
of atomic nitrogen. The cluster stability investigation, as a function of temperature, shows
that the clusters grow by Ostwald ripening and undergo intercalation at higher temperature (T
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= 700 K). Because of the relative high temperature of ammonia synthesis, iron intercalation
must be taken into account during reaction. At lower temperature (T = 100 K) we featured
the presence of a bistable conﬁguration representing a ring state that is attributed to h-BN
weakening in the presence of Fe clusters. In STM, the bistable appear either as a ring around
h-BN depression or a conventional cluster imaged as a dot or sphere. This dual state remains
even at room temperature and disappears only at 500 K.
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The catalytic aspects and the surface interaction of very small Pt and Fe clusters supported
on h-BN/Rh(111) were investigated. The clusters stability on h-BN/Rh(111) as a function
of temperature and gas exposure was analyzed. This was achieved using state of the art
STM, TDS and TPR techniques combined in an UHV experimental setup. In chapter 5, we
investigated the stability and the catalytic activity of Pt7 clusters for CO oxidation. It was
found that soft landed Pt clusters are stable at room temperature as they settle at the h-BN
side edge depressions with no sign of ripening. The Pt7 was found to adapt a ﬂat structure
on the surface at room temperature and upon annealing it grow by Smoluchowski ripening
establishing a 3D structure. Starting at 900 K, partial intercalation between the h-BN and the
Rh(111) is observed. This is the ﬁrst observation of Pt intercalation similar to several transition
metal clusters such as Au or Co supported on h-BN. Upon annealing under gas reaction, Pt
clusters undergo a massive intercalation and ripening even at lower temperatures. This is
attributed to the skyhook effect for which the gas molecules that bind to Pt lift up the cluster
providing easy access to ripening and intercalation. Temperature programmed desorption
of CO reveals that h-BN terraces could not adsorb CO gas at a temperature as low as 150
K. Only a single desorption peak is found to occur at 250 K reminiscent to desorption from
intrinsic h-BN defects. CO TDS was performed on P7/h-BN/Rh(111) which give rise to a
richly structured desorption around 500 K. In the case where partial Pt intercalation exist,
weak desorption occurs but only at 400 K,i .e., shifted by about 100 K compared to the non-
intercalated system. Besides, we showed that the clean h-BN/Rh(111) surface is inert towards
CO oxidation where no CO2 production was monitored. For Pt7 supported on h-BN/Rh(111),
a high catalytic activity towards CO oxidation is found. The reaction starts at 480 K and
reaches its maximum at 500 K before decreasing again, following the Langmuir Hinshelwood
mechanism. For the Pt clusters that are adsorbed on the h-BN just above the intercalated
Pt, the onset reaction temperature is shifted by 100 K towards lower temperatures. This
reduction is caused by the Pt intercalated species that modify the intrinsic inﬂuence of the
h-BN/Rh(111) support on the non intercalated Pt clusters as a result of substrate effect and
charge redistribution.
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In chapter 6, Pt7 interaction with h-BN/Rh(111) was studied by means of energetic clusters
in the energy range 416 > Ek > 30 eV/atom. The clusters show a markably different behavior
compared to soft landed ones. At room temperature, the energetic clusters are found to shelter
under the h-BN wires, more precisely at the wire crossing, which is the largest available free
volume for the particles. The sheltered species are made of Pt and h-BN defects created during
impact since they were found to multiply with increasing energy as a consequence of Pt
fragmentation and h-BN defect creation. At relatively high energy (Ek ≥ 314 eV/atom), the
under-depression sites begin to populate with intercalated species. For Ek > 100 eV/atom,
cavity-type defects start to appear on the h-BN and become more abundant as the energy
increases. Annealing was found to cure h-BN defects and restore a surface free from visual
induced defects. Moreover, annealing at 600 K under gas reaction, is found to displace the
intercalated Pt from the underwire sites to the under depression sites. These latter sites are
considered non favorable for adsorption because of the strong interaction between h-BN and
Rh(111) at that locations. The presence of intercalated species, after annealing, under the
depression sites was interpreted by stabilization through agglomerated induced h-BN defects
at the h-BN rims. Further annealing at 800 K leads to enhanced intercalation under h-BN
resulting in a large intercalation areas. At 950 K the intercalated species diffuse and attach to
the Rh(111) steps.
In chapter 7, we combined the two regimes in which Pt is on top (soft landed) and under
the h-BN monolayer (energetic deposition), using successive energetic and soft deposition
that were followed by annealing at 800 K. The energetic deposition intercalates Pt while
annealing allows it to expand and produces large intercalated areas. The soft deposition lands
the clusters above the h-BN depressions. Combining the steps produces a situation in which a
Pt/h-BN/intercalated Pt/Rh(111) conﬁguration can be obtained. We demonstrated that this
conﬁguration reduced CO poisoning by 100 K compared to the case where Pt is only soft
landed on h-BN/Rh(111). This shift in the desorption temperature, clearly, indicates that the
introduction of an intermediate Pt layer between h-BN and Rh(111) helps in reducing CO
poisoning on subsequently soft landed Pt on h-BN/Rh(111). Furthermore, in this situation, it
is found that the Pt clusters show remarkably high thermal stability up to 800 K compared to
soft landed Pt on h-BN/Rh(111) that were deposited at room temperature and annealed at the
same temperature. This conﬁguration would be a strong prototype cluster catalyst system.
In chapter 8, the stability and ammonia synthesis of Fe3 clusters supported on h-BN/Rh(111)
were investigated. These small clusters are found very prone to ripening and intercalation
at high temperature. The clusters deposited at 100 K are found to grow via Ostwald ripening
at 600 K. From 700 K and more, Fe intercalation under h-BN is always observed. The h-BN
regions situated above the intercalated Fe, reveals the presence of a 1D structure corrugation
(or what is called nanowave) of about 2.4 nm period with an amplitude of nearly 0.7 Å. In the
case of as deposited iron at 100 K, the STM topography is dominated by particles showing
circular structure which forms a ring around the h-BN depressions. The ring state is found
to exhibit high temperature stability as it persists even at 300 K. Chemisorbed 15N and 14N
are found to desorb, each with 2 peaks, at about 620 and 710 K. The peak at 620 K could
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be attributed to C7 sites (Fe atoms with the seven nearest neighbors) of agglomerated Fe3
clusters. Molecular recombination desorption of 30N2 and 29N2 is, also, observed with a
temperature slightly smaller (Tmax = 670 K). The simultaneous observation of 14N and 29N2
is ascribed to an exchange with the 14N constituent forming the h-BN layer emphasizing the
possible occurrence of the Mars-van Krevelen mechanism in the ammonia synthesis reaction
over h-BN supported Fe catalyst. Finally, dinitrogen reduction with hydrogen is observed at
620 K with the generation of NHx (x = 1-3) species using temperature programmed reduction
(TPR) following the Haber-Bosch method.
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A Supporting information for chapter 6
The Apparent height histograms of energetic Pt7 were measured by analyzing STM images. The
results of the statistical analysis based on several images are shown in Figure A.1. The his-
tograms are arranged vertically as a function of deposition energy for as deposited, after
annealing at 600 K under gas reaction and after annealing at 800 K. The as deposited sample
exhibits an apparent height peak at 3.2 Å in the case of soft landing deposition (1.2 eV/atom). In
the case of energetic deposition at 30 eV/atom, the peak is shifted down to 2.2 Å. This can be
assigned to the non thermal intercalation of Pt under h-BN. As the energy increases, the corre-
sponding apparent height for different energies (60, 100, 170 ,314 and 416 eV/atom) was found
unchanged with respect to each other. In the case of soft landed (1.2 eV/atom) Pt7 annealed
under gas reaction, the height distribution showed a mix of a 2.2, 3.2 and 5.2 Å peaks. Some
clusters have undergo partial intercalation (2.2 Å), conﬁguration reconstruction (5.2 Å) and
some of them remain as deposited (3.2 Å). In the high energy regime (≥ 30 eV/atom), the
apparent height was found to be 3.2 Å. As discussed in chapter 6, Pt leaves the under wire
sites (with an apparent height of 2.2 Å) to move under the h-BN depressions and remains
underneath. Finally, annealing of the sample on which the Pt7 was soft landed (at 1.2 eV/atom)
at 800 K leads to an intense apparent height peak at 2.2 Å reminiscent to Pt intercalation. Some
clusters in this sample remained on the top of h-BN and are well visible with small peaks
distributed at 8.3 and 12 Å. For energetic deposition (≥ 30 eV/atom), the apparent height, after
annealing to 800 K, shifts back again to 2.2 Å as a consequence of intercalated species diffusion
under the h-BN moiré.
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Appendix A. Supporting information for chapter 6
Figure A.1 – Histograms of apparent height showing the height distribution of the Pt7 on
h-BN/Rh(111) for as deposited, after annealing at 600 K under gas reaction and after annealing
at 800 K vs the deposition kinetic energy.
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